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ABSTRAC* 
Compared with our knowledge concerning the responses to exercise of able-bodied 
athletes there is relatively little known about the exercise responses of athletes who 
have a spinal cord injury (SCI). The purpose of this thesis was to examine the 
physiological characteristics of endurance trained wheelchair athletes; to assess the 
importance of various physiological factors to the endurance performance of 
wheelchair athletes; to describe and examine the physiological and metabolic 
responses and performances of wheelchair athletes to endurance and brief high 
intensity exercise; and to assess the influence of level of SCI or wheelchair racing 
class on these responses to exercise. 
The mean peak oxygen uptake (V02 pk) achieved by the group of 27 wheelchair 
athletes during wheelchair treadmill exercise was 2.11 ±0.53 I. min-1. When the 
athletes were grouped according to the paralympic racing classification system (TK2; 
TK3; TK4) the V02 pk values were 1.28 ±0.16 l. min-1,2.10 ±0.43 I. min-1 and 2.32 
±0.52 I. min-1 respectively. The mean peak heart rates of these groups were 112 ±4 
b. min-1,190 ±9 b. min-i, and 200 ±9 b. min-1 respectively. The relationship between 
V02 pk and endurance performance (r=-0.69; p<0.01) was not as high as found 
between % V02 pk utilised at a given submaximal propulsion speed (r=0.89; 
p<0.01) or a propulsion speed equivalent to a reference blood lactate concentration 
(BLA) of 4 mmol. l-1 (r=-0.87; p<0.01). During a 10 km treadmill trial the group of 
athletes maintained a speed equivalent to 78.4 ±13.6% V02 pk. The TK2 racing 
class appeared to exhibit lower heart rates and respiratory exchange ratio (R) values 
throughout the test than the other racing classes. 
During a one hour endurance test at 80% of top speed (TS), an exercise intensity 
meaningful to the wheelchair athlete, the group were working at 64.6 ±13.5% V02 
pk. The responses observed were indicative of steady state exercise. Oxygen uptake 
and ventilation rate remained stable, there was no cardiovascular drift, there was a 
decrease in R value, BLA peaked after 15 minutes and then decreased throughout 
the remainder of the test. Blood glucose (BGL) concentrations remained similar to 
the value observed at rest throughout the test. 
In general, it was found that wheelchair athletes were able to maintain a propulsion 
speed equivalent 75% V02 pk for prolonged periods of time, irrespective of their 
level of SCI. There were no differences between the physiological and metabolic 
responses of the two paraplegic racing classes. The tetraplegic group appeared to 
exhibit lower heart rates, BLA, BGL and R values throughout the duration of the test. 
The concentrations of plasma free fatty acid, glycerol, ammonia and urea post- 
exercise indicated a tendency towards higher values in the wheelchair racing class 
with the lowest lesion level athletes (TK4). 
During a 20 s high intensity exercise fixed work test there was greater metabolic 
activity in the TK2 racing class than the TK4 racing class. The metabolic responses 
of the TK3 racing class to this test were, in general, between these two groups. A 
30 s arm sprint resulted in a decrease in power output of greater than 50% for each 
racing class. The mean power outputs (MPO) generated by the TK2, TK3 and TK4 
racing classes were 100.2 ±21.7 W, 188.3 ±48.9 W and 247.2 ±40.3 W respectively. 
The physiological and metabolic responses showed a similar tendency. A 30 s test 
at 80% MPO showed that the metabolic responses of each racing class were similar. 
The results of the thesis suggest that the amount of muscle mass available for 
recruitment during exercise and the degree of disruption to the sympathetic nervous 
system play an important role in determining the responses to exercise and the 
racing performance of wheelchair athletes with a SCI. 
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CHAPTER 1. 
1. INTRODUCTION. 
Survival from spinal cord injury (SCI) was once thought to be almost impossible. 
This is illustrated well by the final conversation between Lord Nelson, who 
acquired a SCI as a result of a gunshot wound in the battle of Trafalgar (1805), 
and the surgeon of the ship (Mr Beatty): 
"Ah Mr Beatty! I have sent for you to say what I forgot to tell you before, that all 
power of motion and feeling below my chest are gone: and you very well know 
that I can live but a short time.... You know I am gone. " 
The surgeon's reply was: "My Lord, unhappily for our country, nothing can be 
done for you". 
(From Oliver Warner's book "Trafalgar" cited Guttmann, 1976) 
Even at the start of this century survival from SCI was rare. Thompson-Walker 
(1937) reported that an estimated 80% of those individuals who acquired a SCI 
during World War I had died within three years. By the start of World War II it was 
recognised that there was a need for specific units to deal with individuals with a 
SCI. In this respect 12 spinal units were set up in various areas of the country 
during the war. Despite this, it was still generally accepted that nothing or little 
could be done for these individuals (Guttmann, 1976). 
A new spinal unit was opened at Stoke Mandeville in 1944 under the direction of 
Sir Ludwig Guttman. He introduced a concept designed to give individuals who 
had a SCI a comprehensive service, from the start of their injury until they were 
ready to re-enter the community (Guttmann, 1976). This concept included both 
work and sport as an integral part of the rehabilitation process. Both appeared 
successful in the physical, psychological and social rehabilitation of individuals 
with a SCI (Guttmann, 1976). 
Since then the popularity of sport and competition among people with 
disabilities has increased dramatically (Compton, Eisenman and Henderson, 
1989). In 1948, at the first International Stoke Mandeville Games, there were 
only 16 competitors. By the first Olympic Games for people with disabilities (now 
1 
referred to as the Paralympics) held in Rome 1960 there were 400 participants. 
At the 1988 Paralympics, held in Seoul, South Korea, there were a total of 4,000 
competitors from over 60 countries. At the Bacelona Paralympics this year 
(1992) it is expected that there will be a similar number of competitors as were in 
Seoul but from a greater number of countries. This is a move designed to 
promote excellence within sports for people with disabilities (Steadward, 1992). 
In an attempt to have individuals with different severities of disability competing 
on an equal basis disability classifications have been developed (Shephard, 
1990). The classifications have been based on discussion rather than scientific 
research (Cooper, 1990). For individuals with a SCI the ISMGF (International 
Stoke Mandeville Games Federation) classification system has been widely 
used. This system groups athletes according to their level of SCI and anatomical 
capability. However, the ISMGF classification system has been developed and 
athletes now compete under the Paraplympic classification system at many 
events. The system differs from the ISMGF classification system in that it also 
considers functional capabilitiy. Furthermore, the number of racing classes has 
been reduced from 7 to 4 by grouping some of the classes of the ISMGF system 
together, as shown in Figure 1.1. The reduction in the number of racing classes 
in the Paralympic system has occurred, according to Cooper (1990), in order to 
make wheelchair racing more understandable to the media and the general 
public, to make the organisation of an event easier and to make the competition 
more meaningful to the athlete. Appendix A. 1 gives a detailed description of 
each Paralympic wheelchair racing class. 
Knowledge of the rehabilitation benefits of exercise and the development of 
competitive sport for people with disabilities has been instrumental in fostering 
research in the area (Depauw, 1986). However, the need for further research in 
different sports science disciplines (Higgs, 1990), including exercise physiology 
(Cooper, 1990), has been recognised and recently been stressed (Depauw, 
1992). Indeed, perhaps to emphasise the point, Higgs (1990) has described 
what we currently know about wheelchair sport as "woefully inadequate". 
For individuals with a SCI wheelchair road racing over long distances has 
become particularly popular. Accompanying the increases in the number of 
competitors in endurance races have been improvements in standards of 
performance. For example, the wheelchair marathon record has improved from 2 
hours 40 minutes set in Boston (1977) to 1 hour 27 minutes and 51 seconds set 
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this year (1992) at Lake Sempach in Switzerland. Many factors have been 
suggested as contributing to the improved performance times of the wheelchair 
road racers including advances in wheelchair design (Spooren, 1981; Depauw 
and Kling, 1983; Cooper, 1990), race courses designed for faster times, and 
improvements in training programmes (Steadward and Walsh, 1986). While this 
is the case, it is interesting to reflect that there is very little research which has 
examined the influence of physiological factors on the endurance performance 
of wheelchair athletes. 
Furthermore, despite the growing body of knowledge concerning the 
physiological responses of people with a disability to exercise (Shephard, 1990) 
and the popularity of wheelchair racing it is, perhaps, suprising that few research 
studies have been directed towards examining the physiological and metabolic 
responses of individuals with a SCI to endurance exercise. There are also no 
studies which have examined the physiological and metabolic responses of 
individuals with a SCI to brief high intensity exercise. 
The few studies which have been concerned with the physiological responses of 
wheelchair users to endurance exercise (Gass, Camp, Davis, Eager, and Grout, 
1981; Skrinar, Evans, Ornstein, and Brown, 1982; Gass and Camp, 1987; Gass, 
Camp, Nadel, Gwinn, and Engel, 1988) have provided useful information but 
have also had a number of limitations. The number of subjects recruited were 
small which has made comparisons between the responses of individuals with 
different levels of SCI and racing classes impossible. The studies have also 
tended to lack realism because individuals have been unable to use their own 
racing wheelchair (Skrinar et at., 1982) and had to push at very slow speeds 
either on steep gradients (Gass et al., 1981; Gass and Camp, 1987; Gass et al., 
1988) or against heavy resistances (Skrinar et al., 1982). 
A motorised treadmill adapted for wheelchairs (Lakomy, Campbell, and 
Williams, 1987), has recently been developed for the study of endurance 
performance. This system allows the physiological and metabolic responses of 
wheelchair athletes to be examined with the subjects using their own racing 
wheelchair at race propulsion speeds. 
This thesis has two main purposes. The first is an examination of the 
physiological and metabolic responses of individuals with a SCI to endurance 
exercise and brief high intensity exercise. The second is to contribute to an 
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understanding of those physiological factors which may influence or determine 
the performance of individuals with a SCI. 
1.1 Organisation of the thesis. 
The thesis is presented in the following way: The review of literature focuses on 
the current understanding of the physiological and metabolic responses of 
individuals with a SCI to exercise. This is followed by a chapter which is 
concerned with the methodology employed in the experimental studies. The 
findings of these experiments are presented in chapters 4 to 7. 
The purpose of the first study (Chapter 4) was to describe and examine the 
physiological factors and endurance performances of wheelchair athletes 
competing regularly in endurance races in the United Kingdom. In addition the 
relationships between various physiological characteristics and endurance 
performance were examined. The physiological and metabolic responses 
occurring during an endurance race were also studied. 
Wheelchair athletes commonly describe the intensity at which they work during 
an endurance race in terms of a percentage of their top speed. Therefore the 
second study (Chapter 5) examined the physiological and metabolic responses 
of wheelchair athletes during endurance exercise at a fixed percentage of top 
speed. 
In the light of the findings of the first two studies the third study (Chapter 6) 
examined and compared the physiological and metabolic responses of 
wheelchair athletes, of different lesion level and racing class, to 90 minutes 
wheelchair treadmill exercise at a fixed relative exercise intensity of 75% 
'O2 Ink. 
The fourth and final study (Chapter 7) examined and compared the physiological 
and metabolic responses and sprint performances of wheelchair athletes, of 
different lesion level and racing class, to brief high intensity exercise performed 
on an arm crank ergometer. 
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CHAPTER 2. 
2. REVIEW OF LITERATURE. 
This thesis is concerned with the physiological responses of indviduals with a 
spinal cord injury (SCI) to exercise. As this is the case, the first section of the 
review is concerned with the spinal cord and the implications of a SCI. The 
relative merits of the different methods used to assess the physiological 
responses of indviduals with a SCI to exercise are then discussed. The next two 
sections (2.3 and 2.4) are primarily concerned with the physiological 
characteristics of wheelchair users and our current understanding of the 
physiological responses of individuals with a SCI to submaximal exercise. 
The second half of the review (2.5,2.6 and 2.7) is concerned with 3 areas where 
very little research has been directed as far as individuals with a SCI are 
concerned. These areas are: (i) physiological factors which influence endurance 
performance; (ii) physiological changes occuring during prolonged submaximal 
exercise; (iii) sprint performance and the physiological and metabolic responses 
to this type of exercise. In each of these sections the findings of able-bodied 
studies are reviewed drawing on information from studies on wheelchair users 
where possible. 
The review has been set out under the following 7 subheadings: 
2.1 The spinal cord and spinal cord injury. 
2.2 Methods of assessing the physiological responses of individuals 
with a SCI to exercise. 
2.3 Physiological characteristics of wheelchair users. 
2.4 Physiological responses of wheelchair users to submaximal 
exercise. 
2.5 Physiological characteristics and endurance performance. 
2.6 Physiological and metabolic responses to prolonged submaximal 
exercise. 
2.7 Physiological and metabolic reponses to, and performance 
characteristics of, brief high intensity exercise. 
6 
2.1 The spinal cord and spinal cord injury. 
Under normal circumstances the spinal cord is supported and protected by 33 
vertebrae. These have been grouped into 5 general classifications according to 
site and special characteristics. In general there are 7 cervical vertebrae, 12 
thoracic vertebrae, 5 lumbar vertebrae, 5 sacral vertebrae, and 3/5 coccygeal 
vertebrae (Fig. 2.1). Each vertebra is attached to the next by a complex set of 
ligaments and muscles (Acton, 1977). 
On each side of the spine 31 spinal nerves arise from the cord by the ventral 
motor and dorsal sensory roots. Eight pairs are termed cervical, 12 thoracic, 5 
lumbar, 5 sacral and 1 coccygeal (Fig. 2.1). In the cervical region of the spine the 
nerve is named after the vertebra below its emergence except for the 8th cervical 
nerve which leaves between the C7 and T1 vertebrae. Beginning with the first 
thoracic nerve, the emerging nerves are identified with the vertebra above their 
exits (Fig. 2.1). 
In the cervical and upper thoracic spine the spinal roots and nerves emerge at 
right angles to the cord. However, due to a mismatch between the rate of growth 
of the spinal cord and spinal vertebrae during development, the spinal cord is 
shorter than the spinal canal and usually ends behind the body of the L1 
vertebra. This means that the other spinal nerves take a downward course which 
becomes more pronounced at the lower levels. In an adult the 12 segments of 
the thoracic cord are contained in the upper 9 thoracic vertebrae, the 5 lumbar 
segments are in the 10th and 11th vertebrae and the 5 sacral segments and one 
coccygeal segment are within the 12th thoracic and 1 st lumbar vertebrae. Thus 
the lower the origin of the nerve, the greater the distance to it s point of exit from 
the vertebral foramen (Fig. 2.1). In the spinal canal below the spinal cord (L1 
level) are found the roots of the lumbar and sacral nerves. They extend from the 
cord to their respective vertebral foramen where the ventral and dorsal roots join 
to form the spinal nerves. This part of the spinal canal where only spinal nerves 
are present is known as the cauda equina or "tail of the horse" (Rieser, Mudiyam, 
and Waters, 1985). 
The segmental innervation of the muscles are shown in Table 2.1 and the 
dermatome distribution for sensation is shown in Figure 2.2. It should be noted 
that there is still controversy among experts regarding the exact segmental nerve 
supply of muscles. However, it seems that whatever the intricate detail, the 
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Figure 2.1 Sagittal view of the spine (after Acton, 1977). 
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Table 2.1 Spinal cord segments and their motor innervations 
(after Rieser et al., 1985). 
Region Motor Groups Common Innervation 
Shoulder Deltoid C5-C6 
Internal rotators C5-T1 
External rotators C5-C6 
Trapezius 
Upper C2-C4 
Middle C2-C5 
Lower C2-C4 
Serratus anterior C6-C7 
Rhomboids C5-C6 
Pectoralis major 
Sternal C7-T1 
Clavicular C5-T1 
Latissimus dorsi C7-C8 
Elbow Biceps C5-C6 
Brachioradialis C5-C6 
Triceps C7-C8 
Supinators C5-C6 
Pronators C6-C7 
Wrist Extensor carpi radialis longus C6-C7 
Extensor carpi radialis brevis C6-C7 
Extensor carpi ulnaris C7-C8 
Flexor carpi radialis C7-C8 
Palmaris longus C7-C8 
Flexor carpi ulnaris C8 
Thumb Flexor pollicis brevis C8-T1 
Flexor pollicis longus C8-T1 
Abductor pollicis longus C7-C8 
Adductor pollicis brevis C8-T1 
Abductor pollicis C8-T1 
Opponens pollicis C8-T1 
Extensor pollicis longus C7-C8 
Extensor pollicis brevis C7-C8 
Hand Flexor digitorum profundus C8-T1 
Flexor digitorum superficialis C8-T1 
Extensor digitorum communis C7-C8 
Lumbricales C8-T1 
Interossei C8-T1 
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Table 2.1 (continued) 
Region Motor Groups Common Innervation 
Neck 
Trunk 
Hip 
Knee 
Ankle-foot 
Capital flexors C1-C4 
Cervical flexors C1-C4 
Capital extensors C1-C4 
Cervical extensors C1-C4 
Rectus abdominus 
Upper T7-T9 
Lower T10-T12 
Back dorsal T1-S3 
Back lumbar T1-S3 
Internal oblique T7-L1 
External oblique T5-T11 
Sartorius L1-L3 
Iliopsoas L1-L3 
Adducters L2-L4 
External rotators L3-S2 
Internal rotators L4-S1 
Tensor fascia latae L4-S1 
Gluteus medius L4-S1 
Gluteus maximus L5-S2 
Hamstrings 
Inner L4-S1 
Outer L5-S3 
Quadriceps L2-L4 
Anterior tibial L4-L5 
Extensor digitorum longus L5-S1 
Extensor hallucis longus L5-S1 
Peroneus brevis L5-S1 
Peroneus longus L5-S2 
Gastroc soleus L5-S1 
Posterior tibial L5 
Flexor digitorum longus S1-S3 
Flexor hallucis longus S1-S2 
Intrinsic toe flexor S2-S3 
Extensor digitorum brevis S2-S3 
10 
Figure 2.2 Sensory dermatomes in posterior, anterior and lateral 
aspects of the body (Ruge, 1977). 
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higher the level of SCI the greater the loss of innervation to the skeletal muscles 
and the greater the loss of sensation. 
The use of the neurologic level of the injury has become a common way to 
describe the level of SCI (Bromley, 1981; Rieser et al., 1985). This refers to the 
lowest level where sensory and motor functions are normal. Since most muscles 
are innervated by more than one neural segment a muscle grade of fair or better 
is required to be considered normal (Rieser et al., 1985). For example, an 
individual with a neurologic level of C7 has normal sensation and motor grades 
fair or better for all the the spinal segments from C1-C7 on both sides. The 8th 
cervical spinal segment shows signs of injury with abnormal sensation and 
motor grades poor or less. 
Depending on the lesion level, the result is either tetraplegia or paraplegia. 
Bromley (1981) defines these terms as : 
Tetraplegia is , the partial or complete paralysis involving all four limbs and the 
trunk, including respiratory muscles as a result of damage to the cervical spine". 
Paraplegia is ., the partial or complete loss of both lower limbs and all or part of 
the trunk as a result of injury to the spinal cord in the thoracic or lumbar area of 
the spinal cord or to the sacral roots". 
Spinal cord injury as well as causing skeletal muscle paralysis results in 
disruption to the autonomic nervous system (ANS). The ANS has two divisions 
the sympathetic (thoracolumbar outflow) and parasympathetic (cranio-sacral 
outflow). Under normal circumstances the structures, organs and glands shown 
in Figure 2.3 are innervated. A detailed description of the sympathetic and 
parasympathetic innervation of the body is given in Appendix B. 1 and Appendix 
B. 2 respectively. Spinal cord injury results in varying degrees of disruption to the 
sympathetic and parasympathetic divisions depending on the level of SCI. 
Cervical lesions cause loss of the sympathetic division and the sacral portion of 
the parasympathetic division of the ANS, however, the cranial portion of the 
parasympathetic system remains intact. Lesions to the thoracic and lumbar spine 
result in partial loss of the sympathetic division and loss of the sacral portion of 
the parasympathetic division of the ANS (Glaser, 1985). 
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In brief the spinal cord is of paramount physiological importance as it is the main 
transmitter of impulses from the brain to all other parts of the body and vice 
versa. In addition it is also a nerve centre in its own right. Thus it has a vital role 
to play in the control of voluntary movements, posture, bladder, bowel and 
sexual functions as well as respiration, heat regulation and blood circulation 
(Guttmann, 1976). Therefore, a severe SCI whether caused by trauma or 
disease results in a great disturbance of physiological function (Guttman 1976). 
Indeed at the turn of the century death from SCI was a near certainty. The 
development of modern treatment and SCI centres with specific expertise has 
meant that the survival rate from SCI has increased with life expectancies 
approaching those of the general population (Bromley, 1981; Geisler, Jousse, 
Wynne-Jones and Breithaupt, 1983). This has also allowed specific research to 
be directed towards examining the physiological and metabolic function of this 
population. The body of this research has been reviewed by Claus-Walker and 
Halstead in a series of articles (Claus-Walker and Halstead, 1981; 1982a; 
1982b). Since 1944, when a spinal injury unit was set up at Stoke Mandeville, 
sport has been an integral part of the rehabilitation process. Many sports for the 
spinal cord injured now exist with the number of participants ever increasing. 
These factors have, perhaps, led to a desire to examine the physiological and 
metabolic responses of these individuals to exercise. 
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2.2 Methods of assessing the physiological responses of 
individuals with a SCI to exercise. 
Before considering the physiological characteristics and responses of 
wheelchair users to exercise it is necessary to realise that a number of methods 
of assessment have been employed to examine these responses. This section 
therefore considers the relative merits of these methods. It then reviews those 
studies which have compared physiological characteristics determined using 
different methods of assessment. Finally, the section considers the effect that 
different protocols may have on determination of the physiological 
characteristics of wheelchair users. 
Various methods have been used to examine the physiological responses of 
individuals with a SCI to exercise. Some researchers have attempted to 
measure the physiological responses of wheelchair users in the field setting 
(Rhodes, McKenzie, Coutts and Rogers, 1981; Crews, 1982; Auchinachie, 
Burke, Loftin and Hayden, 1983; Burke, Auchinachie, Hayden and Loftin, 1985; 
Bernardi, Canale, Fellici and Marchettoni, 1988). However, three main pieces of 
apparatus have been used to assess the physiological responses of individuals 
with a SCI in the laboratory. These are the arm crank ergometer (Pollock, Miller, 
Linnerud, Laughridge, Coleman and Alexander, 1974; Bar-Or and Zwiren, 1975; 
Nilsson, Staff and Pruett, 1975; Kofsky, Davis, Shephard, Jackson and Keene, 
1983; Davis and Shephard, 1988; Bostom, Toner, McArdle, Montelione, Brown 
and Stein, 1991; Jehl, Gandmontagne, Pastene, Eysette, Flandrois and Coudert, 
1991), the wheelchair ergometer (Brattgard, Grimby and Hook, 1970; Glaser, 
Sawka, Brune and Wilde, 1980a; Skrinar et at., 1982; Coutts, Rhodes and 
McKenzie, 1983; Van der Woude, Hendrich, Veeger, Van Ingen Schendau, 
Rozendal, De Groot and Hollander, 1986; Lees and Arthur, 1988; Pohlman, 
Gayle, Davis and Glaser, 1989) and the motorised treadmill (Hildebrandt, Voight, 
Bahn, Berendes and Kroger, 1970; Gass and Camp, 1979; Lakomy et al., 1987; 
McConnell, Horvat, Beutel-Horvat and Golding, 1989; Campbell and Lakomy, 
1990). 
2.2.1 Arm crank ergometer. 
The arm crank ergometer has the advantage that it is relatively cheap, 
commercially available and portable. It is also attractive because it is a task 
which is easily standardised (Shephard, 1988) and also accurate and 
reproducible (Bar-Or and Zwiren, 1975). In addition a number of laboratories 
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have chosen to examine arm exercise using an arm crank ergometer because 
the conversion of bicycle ergometers for the use of the arms is relatively easy 
and thus cost effective. Most arm crank ergometers have been set up for 
asynchronous movement patterns (Pollock et al., 1974; Bar-Or and Zwiren, 
1975; Nilsson et al., 1975; Kofsky et al., 1983; Davis and Shephard, 1988; 
Bostom et al., 1991; Jehl et al., 1991) although, occasionally, synchronous 
movement patterns have been investigated (Bobbert, 1960; Secher, Ruberg- 
Larsen, Binkhorst and Bonde-Petersen, 1974; Shaw, Crawford, Karline, Di 
Donna, Carleton, Ross and O'Rourke, 1974; Cummins and Gladdin, 1983). 
2.2.2 Wheelchair ergometer. 
The main advantage of systems employing wheelchairs is that the exercise 
mode is realistic to everyday life for individuals with a SCI. A survey of the 
literature indicates that most wheelchair ergometers have been specifically 
designed by laboratories and as a consequence have their own special 
characteristics (Coutts et al. 1983; Van der Woude et al., 1986; Skrinar et al., 
1982; Burkett, Chisum, Cook, Norton, Taylor, Rupper and Wells, 1987; Lees and 
Arthur, 1988). In this respect the wide array of wheelchair ergometer designs 
have included: platforms mounted with rollers upon which the wheelchair of the 
subject is mounted (Bouha and Krobath, 1967; Coutts et al., 1983), a 
standardised wheelchair on rollers (Skrinar et al., 1982; Pohlman et al., 1989), 
standard wheelchairs with fitted push rims (Dreisinger, 1980; Whiting, Dreisinger 
and Hayden, 1984), and a wheelchair linked to a cycle ergometer flywheel 
(Brattgard et al., 1970; Wicks, Lymburner, Dinsdale and Jones, 1977-78; Glaser, 
Sawka, Laubach and Suryaprasad, 1979; Glaser et al., 1980a; Wicks, Oldridge, 
Cameron and Jones, 1983). 
2.2.3 Motorised treadmills adapted for wheelchairs. 
Motorised treadmills have also been adapted for the use of wheelchairs (Voight 
and Bahn, 1969., Engel and Hildebrandt, 1973; Gass and Camp 1979; Horvat, 
Golding, Beutal-Horvat and McConnell, 1984., Lakomy et al., 1987). These 
devices, like the wheelchair ergometers, have been specifically designed by 
laboratories to assess the performances of wheelchair athletes (Claremont and 
Maksud, 1978; Horvat et al., 1984; Lakomy et al., 1987; McConnell et al., 1989). 
A limitation of many of the treadmill systems has been the maximum speed at 
which they can be safely used (Voight and Bahn, 1969; Hildebrandt et al., 1970; 
Gass and Camp, 1979). However, the most recent developments have 
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overcome these problems, and allowed wheelchair athletes to perform at race 
speeds using their own racing wheelchair (Lakomy et al., 1987). 
2.2.4 A comparison of the physiological characteristics determined 
using different methods of assessment. 
Prior to reviewing the studies which have reported the physiological 
characteristics of wheelchair users in Section 2.3, there is a need to know 
whether the physiological characteristics determined using different methods of 
assessment are comparable. However, before doing so it is important to clarify 
the terminology to be used in this thesis when reporting the physiological 
characteristics of individuals with a SCI. In this respect, whether the term 
'maximum' oxygen uptake (V02 max) defined as: 
"the highest oxygen uptake that an individual can attain during physical work 
breathing air at sea level" (Astrand and Rodahl, 1986), and a reflection of the 
capacity of the body for the transport and utilisation of oxygen (Rowell, 1969), 
or, 'peak' oxygen uptake (V02 pk), should be used, when referring to wheelchair 
users, has been a source of topical debate. Both V02 max (Gass and Camp, 
1984) and V02 pk (Shephard, 1988) have been justified. The term 'peak' has 
been used throughout the thesis in accordance with the guidelines of the British 
Association of Sports Sciences (BASS, 1988). The term will also be used for all 
the other physiological characteristics reported for wheelchair users. 
A number of studies have compared the peak physiological characteristics 
determined using the different methods of assessment (Wicks et al., 1977-78; 
Glaser et al., 1980a, Wicks et al., 1983; Gass and Camp, 1984; Pitetti, Snell and 
Stray-Gunderson., 1987; Pohlman et al., 1989; McConnell et al., 1989; Sedlock, 
Knowlton and Fitzgerald, 1990). Table 2.2 summarises the findings of these 
studies. 
A number of studies have compared arm crank ergometry (ACE) and wheelchair 
ergometry (WERG) employing either able-bodied subjects (Sedlock et al., 1990), 
a mixture of able-bodied subjects and wheelchair users (Wicks et al., 1977-78; 
Glaser et al., 1980a) or just wheelchair users (Wicks et al., 1983; Pohlman et al., 
1989). 
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Despite the differences in the nature of the subject groups employed in the 
various studies they have all reported that the V02 pk value achieved during 
ACE is similar to that achieved during WERG (Table 2.2). Additionally, Pohlman 
and coworkers (1989) have recently shown that the VO2 pk values achieved 
during WERG are not affected by the hand-rim diameter of the wheelchair. 
Furthermore, it has generally been reported that those subjects who achieve the 
highest VO2 pk during WERG also do so during ACE (Wicks et al., 1983; Glaser 
et al., 1980a; Sedlock et al., 1990). The similarity in VO2 pk values achieved 
during ACE and WERG for all the studies suggest that similar muscle masses 
are employed and that similar factors are limiting "02 pk for WERG and ACE 
(Glaser et al., 1980a). In this respect peripheral factors such as muscle perfusion 
and mitochondrial capacity have been suggested as the limiting factors to VO2 
pk for upper body exercise (Reybrouck, Heigenhauser and Faulkner, 1975; 
Magel, McArdle, Toner and Delio, 1978). 
A review of some of the other peak physiological responses to ACE and WERG 
reveals some differences between studies (Table 2.2). Some studies have 
reported that peak heart rates (HR pk) are higher during ACE than WERG 
(Glaser et al., 1980a; Sedlock et al., 1990) although others have reported similar 
values for the different modes of exercise (Wicks et al., 1983). The reason for the 
difference may relate to the fact that the former studies employed predominantly 
able-bodied subjects while the latter study employed wheelchair athletes. It has 
been suggested that habitual physical activity may alter the circulatory dynamics 
of individuals with a SCI to upper body exercise leading to similar peak heart 
rates during both modes of exercise (Sedlock et al., 1990). The study of Pohlman 
and coworkers (1989) does not support this having reported a higher HR pk for a 
group of paraplegics during ACE. One possible reason for this was that the 
paraplegics employed in this study were untrained (Pohlman et al., 1989). 
Peak blood lactate concentrations (BLA pk) have been reported by 3 studies 
which have compared ACE and WERG (Table 2.2). Two of them have reported 
higher peak values during ACE (Glaser et al., 1980a; Pohlman et al., 1989) 
which was suggested to be indicative of a greater anaerobic glycolytic activity 
during ACE (Glaser et al., 1980a). Pohlman and coworkers (1989) suggested 
that the reason for the difference between the two types of exercise could be due 
to the familiarity of paraplegics with wheelchair exercise and the specificity of the 
exercise and/or a greater isometric effort required by the subject to stabilise the 
trunk during maximal effort ACE compared with WERG, as has previously been 
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suggested (Marincek and Valencic, 1978). The study which reported no 
difference between the BLA pk values during ACE or WERG employed untrained 
able-bodied females which may explain the result (Sedlock et al., 1990). 
Three studies have compared the peak physiological responses of ACE with 
wheelchair treadmill (TM) exercise (Table 2.2). Two of the studies have reported 
higher peak exercise reponses during wheelchair treadmill exercise (Gass and 
Camp, 1984; McConnell et al., 1989). The other study reported similar peak 
exercise responses to both modes of arm exercise (Pitetti et al., 1987). The 
former studies suggested that the higher peak exercise responses achieved 
during wheelchair treadmill exercise may be due to an increased activated 
muscle mass due to the task specificity, and also due to the fact that the treadmill 
test allowed the subjects to use their characteristic method of wheelchair 
propulsion (Gass and Camp, 1984; McConnell et al., 1989). Pitetti and 
coworkers (1987) reported no differences between the peak exercise responses 
to ACE or TM. They indicated that they used similar test protocols to those used 
by Gass and Camp (1984) and suggested the reason for the difference between 
the studies may have related to the subject group (Pitetti et al., 1987). In this 
respect Pitetti and coworkers (1987) employed both trained and untrained 
wheelchair users whereas the group of Gass and Camp (1984) comprised of just 
wheelchair athletes. 
2.2.5 Arm exercise protocols. 
A review by Franklin (1985) has reported that there are a wide array of arm crank 
ergometry test protocols for determining the physiological and metabolic 
responses to exercise. The reason for this appears to be due to the lack of 
standard procedures. As a result each arm exercise study or laboratory seems to 
have produced a test protocol in the hope that it will be adopted as the standard 
procedure! A similar situation appears to be developing as far as wheelchair 
exercise test protocols are concerned. This seems to be occurring because the 
laboratories which have designed their own wheelchair ergometers or 
adaptations for treadmills have often, by necessity, had to devise their own test 
protocols. 
Both continuous (Bar-Or and Zwiren, 1975; Davis, Vodak, Wilmore, Vodak, and 
Kurtz, 1976) and discontinuous test protocols (Reybrouck et al., 1975; Magel et 
al., 1978; Glaser et al., 1980) have been used to determine the physiological 
characteristics of subjects. A number of studies have compared these two types 
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of protocol and, generally, reported no differences between the physiological 
and metabolic responses reported for either arm cranking (Boles, Porter and 
Butts, 1982; Sawka, Glaser, Wilde and Von Luhrte, 1983; Washburn and Seals, 
1983) or wheelchair exercise. (Dreisinger, Whiting and Hayden, 1982; Whiting et 
al., 1984). However, one study did report higher V02 pk values using a 
continuous test protocol rather than a discontinuous test (Walker, Powers and 
Stuart, 1986). The findings of the various studies have led to continuous tests 
being recommended, based on the exercise time (Washburn and Seals, 1983; 
Sawka et al., 1983). 
In summary, this section has highlighted the relative merits of arm crank 
ergometry, wheelchair ergometry and wheelchair treadmill exercise. 
Furthermore, it has also highlighted some specific methodological aspects, 
which should be borne in mind, when considering studies which have reported 
the physiological characteristics of wheelchair users. 
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2.3 Physiological characteristics of wheelchair users. 
This section is primarily concerned with those studies which have reported the 
physiological characteristics of individuals with a SCI. It, firstly, details the typical 
peak oxygen uptake (V02 pk) values which may be expected for people with a 
SCI. It also draws attention to some of the other peak exercise responses 
reported by studies on wheelchair users. The two major factors which are 
considered to influence the "02 pk of an individual with a SCI are then 
examined. These are: the level of SCI and activity status. The final part of the 
section considers some of the other charactersitics of individuals with a SCI. 
2.3.1 Peak oxygen uptake (V02 pk). 
Many studies have determined the V02 pk values and other physiological 
characteristics of individuals with a SCI (Table 2.3). The V02 pk values reported 
for tetraplegics (SCI in the cervical area) as a result of trauma have ranged from 
around 0.5 I. min-1 in untrained subjects (Gass, Watson, Camp, Court and 
McPherson, 1980; Eriksson, Lofstrom and Ekblom, 1988; Hjeltnes, 1991) to 1.3 
I. min-1 in trained tetraplegics (Gass and Camp, 1979; Skrinar et al., 1982) with 
the highest value reported to date for a trained tetraplegic of 1.77 I. min-1 
(Eriksson et al., 1988). Typical values tend to be around 1 I. min-1 (Hulleman, 
List, Matthes, Wiese and Zika, 1975; Gass et al., 1980; Coutts et al., 1983; Wicks 
et al., 1983; Eriksson et at., 1988) (Table 2.3). For paraplegics the range is larger 
(Table 2.3) with common values from around 1.5 I. min-1 reported for sedentary 
people with high thoracic lesions to 3.00 I. min-1 for athletes with a low level of 
SCI in the lumbar region (Gass and Camp, 1979; Miles, Sawka, Wilde, Durbin, 
Gotshall and Glaser, 1982; Skrinar et al., 1982; Wicks et al., 1983; Eriksson et 
al., 1988). For a group of 100 inactive subjects the values ranged from 0.76 
I. min-1 for tetraplegics to 1.9 I. min-1 in individuals with cauda equina injuries 
(Hjeltnes, 1986). In a group of wheelchair athletes with a similar diversity of 
lesion levels the range was 0.67 I. min-1 to 2.98 I. min-1 (Eriksson et al., 1988). 
The highest V02 pk reported in the literature to date is 4.2 I. min-1 recorded by a 
wheelchair marathon racer (Gandee, Winningham, Deitchman and Narraway, 
1980) and approaches the values achieved by elite Swedish canoeists (Tesch, 
Piehl, Wilson and Karlsson, 1976). 
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A review of the literature appears to indicate that the ' 02 pk and other peak 
exercise responses of an individual with a SCI are influenced by two major 
factors: 1. the level of SCI and 2. the activity status (Fig. 2.4). This is also the view 
of Nilsson and coworkers (1975) and Drory, Ohry, Brooks, Dolphin and 
Kellerman (1990). 
2.3.2. The influence of level of SCI on VO2 pk. 
As mentioned in 2.1 SCI causes a reduction in muscle mass and disruption of 
the autonomic nervous system (ANS). The higher the level of SCI the greater the 
loss of recruitable muscle mass available for exercise and the greater the 
disruption to the ANS. 
The greater the loss of muscle mass the less potential there is for increased 
oxygen utilisation during exercise (Coutts et al., 1983). It is then, perhaps, not 
surprising to find that a number of studies have linked physical work capacity 
and V02 pk with lesion level (Hulleman et al., 1975; Wicks et al., 1983; Figoni, 
1984; Hjeltnes, 1986; Eriksson et al., 1988; Drory et al., 1990). Hulleman and 
coworkers (1975) reported an association between physical work capacity and 
the ISMGF (International Stoke Mandeville Games Federation) classification 
system for the 50 competitors studied at the International Heidelberg games in 
1972. They also indicated that the lower the lesion level the higher the V02 pk. 
The trend was supported 4 years later at the 1976 Toronto Olympiad in a study 
of 72 wheelchair competitors of different ISMGF racing classification (Wicks et 
al., 1983) (Table 2.3). Figoni (1984) in a review of 12 studies made a similar 
observation. The trend is also evident for inactive (Hjeltnes, 1986) as well as 
active individuals (Eriksson et al., 1988). 
The reduction in muscle mass and disruption to the ANS, which occur with SCI, 
result in an altered haemodynamic response and respiratory function. This may 
influence the '/02 pk and other peak exercise responses in this population. 
These factors are considered below. 
(i) Haemodynamic response to exercise. 
Spinal cord injury results in an altered haemodynamic response to exercise. 
Glaser (1985) reports that, in response to exercise, under normal circumstances, 
in addition to the effect of local vasodilators, sympathetic outflow increases at the 
cholinergic synapses in the active muscles to cause vasodilation to allow 
increased blood flow. Concommitantly, increased sympathetic outflow at the 
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adrenergic nerve endings causes vasoconstriction in the gut, kidney and liver. 
This directs increased blood flow to the exercising muscles for the increased 
delivery of oxygen and removal of metabolic end products. The above reflex 
redistribution of cardiac output is absent to varying degrees depending on the 
level of SCI, with the higher the level of lesion, the greater the disturbance. This 
has been suggested to limit the maximal exercise capability of the remaining 
functional muscles due to inadequate oxygen delivery to the exercising muscles. 
This has been suggested to lead to the early onset of fatigue, from an increased 
reliance on anaerobic energy production, and thus a rapid accumulation of lactic 
acid and hydogen ions in the muscle (Hjeltnes, 1977; Davis, Shephard and 
Jackson, 1981; Glaser, 1985). 
The above may indicate the effect that the disruption of the ANS, and more 
specifcally, the sympathetic nervous system (SNS) has on the haemodynamic 
response to exercise of individuals with SCI. This is because the ability to 
redistribute blood to the working muscles is affected to varying degrees 
depending on the level of the lesion. In addition, the interactive effect of a loss in 
muscle mass and disruption of autonomic function may further alter the 
haemodynamic response and the peak exercise responses of SCI individuals. 
During exercise individuals with SCI have been reported to have a reduced 
stroke volume compared to able-bodied subjects at the same work load 
(Hjeltnes, 1977; Bruin and Binkhorst , 1984; Davis, 1988; Hopman, Oeseburg 
and Binkhorst, 1991). This may be due to blood pooling secondary to a 
decreased venous return from the inactive paralysed lower limbs (Hjeltnes, 
1977, Hjeltnes, 1984; Mathias and Frankel, 1988). This will decrease the end- 
diastolic volume resulting in a reduced preload which will mean the myocardium 
is contracting on a less efficient part of the ventricular function curve (Hopman et 
al., 1991). This occurs because of the loss of muscle below the level of the 
lesion, impaired sympathetic control below the level of the lesion (Glaser, 1985) 
and in some cases, where the abdominal muscles are not innervated, a 
reduction in abdomino-thoracic muscle pump activity (Davis et al., 1981; Jehl et 
al., 1991). 
Some authors have suggested that, for paraplegics where there is full 
sympathetic innervation of the heart, the lower stroke volume is compensated by 
a higher heart rate, leading to a similar cardiac output for a given oxygen uptake 
as able-bodied subjects (Sawka, Glaser, Wilde and Von Luhrte, 1980; Bruin and 
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Binkhorst, 1984; Wilde, Miles, Durbin, Sawka, Surprayasad, Gotshall and 
Glaser, 1981; Hopman et al., 1991). However, others would not support this 
claim and have reported a hypokinetic circulation (i. e cardiac output at a given 
V02 is lower than expected) compared to able-bodied subjects (Heigenhauser 
et al., 1976; Hjeltnes, 1977; Davis, 1988; Davis, Servedo, Glaser, Satyendra, 
Gupta and Suryaprasad, 1990). Contrary to these studies, recently, it has been 
reported that a group of high thoracic lesion level athletes had a hyperkinetic 
circulation (i. e cardiac output at a given ' 02 is higher than expected) during 
exercise (Jehl et al., 1991). 
The differences between the various studies may relate to the work loads 
employed and/or the lesion levels of the paraplegics within the group (Hopman 
et al., 1991). It has been suggested that at low exercise intensities the heart rate 
can compensate for the low stroke volume but at higher exercise intensities, as 
heart rates approach maximum values, this cannot occur leading to a 
hypokinetic circulation (Hopman et al., 1991). As far as lesion level is concerned, 
Bruin and Binkhorst (1984) found for a group of subjects with a SCI below T10 a 
similar cardiac output at a given V02 to able-bodied subjects. They indicated 
that this group have an improved venous return, compared with individuals with 
higher lesions where a hypokinetic circulation has been observed (Hjeltnes, 
1977). This was suggested to occur because a lesion level below T10 still allows 
venoconstriction in the lower limbs (Bidart and Maury, 1973) and because the 
thoracic pump is still functional, as most of the abdominal muscles are 
innervated, which will thus aid venous return in this group (Bruin and 
Binkhorst, 1984). In addition, low paraplegics have sympathetic innnervation of 
the hepato-splanchnic and kidney regions which allows constriction in this area 
further enhancing venous return during exercise (Jehl et al., 1991). Despite 
some differences, the studies have all concluded that the higher the lesion level 
the greater the effect on the haemodynamic response to submaximal exercise 
(Bruin and Binkhorst, 1984; Hopman et al., 1991; Jehl et al., 1991). 
During peak exercise cardiac output (6) values reported for paraplegics, with full 
sympathetic innervation of the heart, are lower than those reported for sedentary 
able-bodied subjects performing arm exercise (Heigenhauser, Ruff, Millar and 
Faulkner, 1976; Hjeltnes, 1977; Jehl et al., 1991). This has been attributed to a 
lower peak stroke volume (Heigenhauser et al., 1976; Hjeltnes, 1977). This is 
due to the poor venous return of paraplegics, the reasons for which have already 
explained. 
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The recent development of functional neuromuscular stimulation (FNS) to 
induce muscular contractions when voluntary activity is not possible (Petrofsky 
and Phillips, 1984) has been found to aid the haemodynamic responses of many 
individuals with SCI (Davis et al., 1990). It has been suggested this technique 
increases circulation in the lower limbs and activates the venous muscle pump 
(Glaser, 1985). Paraplegics can be classed, according to Davis and coworkers 
(1990), as responders or non responders. For responders FNS has been found 
to augment venous return and enhance cardiovascular control during upper 
body exercise (Davis et al., 1990). Recently, Hopman and coworkers (1991) 
used an antigravity suit to apply external pressure on the legs and abdomen in 
paraplegics to decrease venous pooling. They found that the SCI subjects 
reached the same V02 at a lower heart rate suggesting an improved venous 
return (Hopman, et al., 1991). 
The above discussion has focused on paraplegics. Tetraplegics have the 
additional problem that there is no sympathetic innervation of the heart. This 
further affects the haemodynamic response to exercise. The fact that tetraplegics 
have no sympathetic innervation of the heart means that heart rate is controlled 
by the intrinsic sinoatrial rhythm (Smith, Guyton, Manning and White, 1976). 
Peak heart rates will therefore be expected to be between 100-125 b. min-1 
(Freyschuss and Knuttson, 1969; Knuttson, Lewenhaupt-Olsson and Thorsen, 
1973) and they have, generally, been found to be in this range (Ekblom and 
Lundberg, 1968; Gass et al., 1980). The parasympathetic nerve supply to the 
heart (vagal nerve) is still intact (Freyschuss and Knuttson, 1969; Knuttson et al., 
1973). As this is the case the increases in heart rate during exercise in the 
tetraplegics have been suggested as being largely due to vagal withdrawal 
(Freyschuss and Knuttson, 1969; Knuttson et al., 1973). Other residual 
mechanisms which may cause an increase in heart rate during exercise for this 
group are an increase in venous return (Beck, Barnard and Schrire, 1969; 
Carleton, Heller, Najafi and Clark, 1969; Shephard, 1990) and/or an increase in 
circulating catecholamines (Bexton, Milne, Cory-Pearce, English and Camm, 
1983). However, the latter is questionable as a lesion in the cervical area results 
in very low resting plasma noradrenaline and adrenaline concentrations 
(Debarge, Christensen, Corbett, Eidelman, Frankel and Mathias, 1974; Mathias, 
Christensen, Corbett, Frankel and Goodwin, 1975; Mathias, Christensen, 
Corbett, Frankel and Spalding, 1976) due to a lack of sympathetic innervation of 
the adrenal medulla (Johnson and Spalding, 1974). Peak heart rates as high as 
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166 b. min-1 have been reported where the tetraplegia is caused by poliomyelitis 
(Knuttson et al., 1973; Wolfe, Waters and Hislop, 1976; Wicks et al., 1983). 
Poliomyelitis affects the anterior horn cells and means that the sympathetic 
pathways are not interrupted (Wicks et al., 1983). 
The peak heart rates of paraplegics may be affected if sympathetic pathways are 
interrupted. The sympathetic innervation of the heart occurs from T1 to T4 
(Johnson and Spalding, 1974). This means that in complete high thoracic 
lesions there may be a partial loss of sympathetic fibres to the heart (Nilsson et 
al., 1975). In this situation maximum heart rates of between 140-150 b. min-1 
have been reported (Nilsson et al., 1975; Coutts et al., 1983). As innervation of 
the heart becomes more complete peak heart rates of between 180-200 b. min-1 
have regularly been reported (Gass and Camp, 1979; Skrinar et al., 1982; 
Coutts et al., 1983). These are similar to those recorded by able-bodied subjects 
at V02 max during uphill treadmill running (Ramsbottom, Williams, Boobis and 
Freeman, 1989a). 
In summary, it will be clear that the haemodynamic response of individuals with 
a SCI to exercise is different to that of able-bodied subjects. This is due the loss 
of muscle mass and disruption to the ANS which accompanies SCI. It should 
also be clear that the higher the level of lesion the greater the effect on the peak 
haemodynamic exercise responses which may, thus, influence V02 pk. 
(ii) Respiratory function. 
The loss of muscle mass and disruption to the ANS outflow which accompanies 
SCI may cause a change in respiratory function depending on the level of 
lesion. This may affect the peak exercise responses of individuals with SCI 
(Silver 1963; Coutts et al., 1983; Figoni 1984; Hoffman, 1986). 
Respiratory function is impaired from paralysis of intercostal and abdominal 
muscles which are reported to be innervated from T1 to T12 and from T7 to L4 
respectively (Woodburne, 1979). In addition. if there is paralysis of the phrenic 
nerve or severe disruption of the intercostal sympathetic outflow, respiratory 
mechanics are further impaired (Silver, 1963; Fugl-Meyer and Grimby, 1971; 
Ohry, Molho and Rozen, 1975). Tetraplegics are, therefore, affected most 
severely as they have the greatest loss of musculature involved in the breathing 
process and the greatest loss of sympathetic fibres to the intercostal muscles 
(Ekblom and Lundberg, 1968; Gass and Camp, 1979). 
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The evidence for a reduced respiratory function is evident from vital capacity 
values reported for individuals with a SCI (Table 2.4). The information available 
in this respect from various studies seems to indicate that the higher the SCI the 
lower the forced vital capacity (FVC) (Fugt-Meyer 1971; Hullemann et al., 1975; 
Kokkola, Moller and Lehtonen, 1975; Gross, Ladd, Riley, Macklem and Grassino, 
1980; Rhodes et al., 1981; Wicks et al., 1983; Van Loan, McCluer, Loftin and 
Boileau, 1987). 
Tetraplegics consistently record the lowest FVC values (Table 2.4). Gass and 
coworkers (1980) reported an FVC of 3.18 litres (I). Other studies have also 
reported similar values for this level of lesion (Hulleman et al., 1975; Gross et al., 
1980; Wicks et al., 1983). Gross and coworkers (1980) point out that for 
tetraplegics paralysis of the inspiratory muscles leads to a decrease in 
inspiratory force limiting the inspiratory capacity and accounting for part of the 
reduction in vital capacity characteristic of tetraplegia (Bergofsky, 1964; Guttman 
and Silver 1965; Fugl-Meyer, 1971; Fugl-Meyer and Grimby 1971). They also 
indicated that tetraplegics are susceptible to inspiratory muscle fatigue and have 
found that inspiratory muscle training increased endurance and strength of the 
diaphragm and an improved respiratory function in this group (Gross et at., 
1980). Wicks and coworkers (1983) examined athletes at the 1976 Olympiad 
and found the tetraplegic athletes had greater lung volumes than reported for 
sedentary tetraplegics (Fugt-Meyer, 1971; Gass et at., 1980) and suggested that 
this was probably due to the training of accessory inspiratory muscles. In 
contrast, Gass and coworkers (1980) found no improvement in FVC following 
training in their group of tetraplegics. Hjeltnes (1986) have also reported an 
impaired pulmonary function in tetraplegics and high lesion level paraplegics 
directly after injury which was reflected by a low FVC. They suggested that this 
was due to a low expiratory reserve volume (Hjeltnes, 1986). 
Hulleman and coworkers (1975) measured the FVC of 50 competitors (39 of 
whom were weightlifters) at the 1972 Heidelberg games and found a mean 
value of 4.45 I. with a tendency for a higher FVC in the lower the lesion level 
athletes. These values are also higher than have been reported for untrained 
wheelchair users. In this respect, Voight and Bahn (1969) found an FVC of 3.00 I 
in a group with a similar range of lesion levels. However, Zwiren and Bar-Or 
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Table 2.4 Lung function of individuals with a spinal cord injury. 
REFERENCE DIS LESION ACTIVITY AGE n FVC FEV1 % FEV1 
LEVEL STATUS (yr) (I) (I) (%) 
Gass & Camp (1979) P C6-S2 ACT (TK) 27±6 16 4.94 4.25 86.2 
Gass et al. (1980) T C6-T1 INACTIVE 34±11 7 3.08 2.38 77.3 
T C6-T1 POST TR 34±11 7 3.18 2.57 73.9 
Gass et al. (1981) P T4-L1 ACT (TK) 33±2 7 5.00 4.00 80.0 
Gross et al. (1980) T C4-C8 INACTIVE 25±8 6 2.05±0.77 - 81.7 
Hjeltnes (1977) P T2-T12 INACTIVE 27±10 9 4.34±0.92 - 83.1 
Hulleman et al. (1975) P T1 J5 ACTIVE 27±6 4 3.91±0.77 - - 
P T6-T10 ACTIVE 31±6 15 4.35±1.05 - - 
P T11-L3 ACTIVE 29±8 12 4.45±0.55 - - 
P L2-L4 ACTIVE 30±7 9 4.86±0.98 - - 
P L5-S5 ACTIVE 28±6 5 4.64±0.50 - - 
Miles et al. (1982) MIX - ACT (BB) 25±4 8 5.40 4.23 78.3 
Rhodes et al. (1981) T - MIXED - 10 4.13 3.15 76.3 
P - MIXED - 20 5.46 3.83 70.1 
Taylor et al. (1986) P T6-S5 ACT (BB) 27±5 5 4.99±0.73 - 82.0 
P T6-S5 ACT (BB) 33±8 5 4.70±1.58 - 78.0 
Van Loan et al. (1987) T C5-C8 ACTIVE - 5 3.10 2.70 87.1 
P T4-L3 ACTIVE - 5 4.60 3.80 82.6 
Wicks et al. (1983) T >C6 ACTIVE 29±6 8 3.89±0.72 3.19±0.67 82 
T C7-C8 ACTIVE 29±4 5 3.44±0.68 3.11±0.84 90.4 
P T1 J5 ACTIVE 30±8 11 4.07±1.15 3.33±0.85 81.8 
P T6-T10 ACTIVE 28±7 10 5.11±0.89 4.40±0.69 86.1 
P T11-L3 ACTIVE 26±7 17 4.99±1.16 4.05±0.93 81.2 
P L4-S2 ACTIVE 36±7 10 4.92±1.15 4.02±1.00 81.7 
Zwiren & Bar-Or (1975) P T7-L2 ACTIVE 28±8 11 4.96±0.70 4.29±0.96 82±9 
P T7-L2 INACTIVE 29±10 9 4.08±0.74 3.32±0.89 77±10 
DIS: Disabilty; FVC: forced vital capacity; FEV1: forced expiratory volume in 1 second; 
% FEV1: the % of FVC exhaled in 1 second; P: paraplegia; T: tetraplegia; MIX: mixed; 
TK: track; BB: basketball; TR: training. 
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(1975) found no difference between the lung function of wheelchair sedentary 
and wheelchair active individuals. Miles and coworkers (1982) reported no 
change in pulmonary function after 6 weeks interval training 3 times a week for 
30 minutes for a group of 8 basketball players. Gass and Camp (1979) reported 
a forced vital capacity of 4.94 I and forced expiratory volume of 4.25 I for a group 
of Australian wheelchair athletes. The % FEV1 was similiar to that found by 
Zwiren and Bar-Or (1975) but higher than Hjeltnes (1977) and Hulleman and 
coworkers (1975). This may be due to the training status and lesion levels of the 
subjects involved in these studies. 
Peak ventilation rates as low as 25 I. min-1 have been recorded in a group of 
untrained tetraplegics rising to around 50 I min-1 in trained subjects (Gass et al., 
1980). In paraplegics peak values range from 70 I. min-1 to greater than 100 
I. min-1 in trained athletes (Gass and Camp, 1979; Skrinar et al., 1982) (Table 
2.3). The values increasing with increasing innervation of respiratory muscles 
and increased sympathetic innervation of these muscles (Gass and Camp, 
1984). 
From the above it should be clear that respiratory function can be affected by a 
SCI. However, whether this is a factor which influences "02 pk is open to 
debate. Some authors have suggested that peak ventilation rate is the limitation 
to "02 pk, particularly in tetraplegics (Silver, 1963; Figoni, 1984), while others 
would not support this view (Coutts et al., 1983; Hoffman, 1986). 
In summary, it should be clear that the level of lesion affects the V02 pk and 
other peak exercise responses of individuals with a SCI. Some authors, 
however, have suggested activity status is a more important determinant of V02 
pk than lesion level (Kofsky et al., 1983). This propositon will now be considered. 
2.3.3 The influence of activity status on the V02 pk 
This subsection examines influence of activity status on the V02 pk values of 
wheelchair users by: (i) comparing the V02 pk values obtained by active and 
inactive wheelchair users; (ii) comparing the V02 pk values of wheelchair 
athletes involved in different sporting activities; (iii) examining the influence of 
training on V02 pk and other exercise responses. 
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(i) 'O2 pk values of active and inactive wheelchair users. 
Zwiren and Bar-Or (1975) have reported that a group of active paraplegics with 
spinal cord injuries below T7 attained V02 pk values similar to those of able- 
bodied athletes, and 44% higher than the group of sedentary wheelchair users 
in the study. The "02 pk values of the sedentary wheelchair users were lower 
than the values achieved by the sedentary able-bodied group. Goswami, Ghosh, 
Ganguli and Banerjee (1984) have reported similar findings. 
Similar to the findings of Zwiren and Bar-Or (1975), studies which have 
compared active and inactive wheelchair users have consistently found higher 
V02 pk values in the active individuals (Kofsky et al., 1983; Davis and Shephard 
1988). Kofsky and coworkers (1983) reported a "02 pk of 1.63 I. min-1 in an 
inactive group compared with 2.52 I. min-1 in an active group. Davis and 
Shephard (1988) reported similar findings and in addition noted that during 
submaximal arm cranking exercise, at the same power output, active wheelchair 
users had a higher stroke volume and lower a-v 02 difference than their 
sedentary counterparts. Kofsky and coworkers (1983) also distinguished 
between inactive and sedentary wheelchair users and reported higher V02 pk 
values in their group of inactive wheelchair users (Kofsky et al., 1983) compared 
with completely untrained subjects at rehabilitation units (Pollock et al., 1974; 
Hjeltnes 1984; Hjeltnes, 1991) (Table 2.3). 
(ii) V02 pk values of wheelchair users in different sports. 
Gass and Camp (1979) examined a group of Australian wheelchair athletes and 
reported a similar mean V02 pk value of 2.04 I. min-1 to those found for active 
wheelchair users (Zwiren and Bar-Or, 1975; Nilsson et al., 1975; Lakomy et al., 
1987). The values are higher than reported for untrained individuals (Ekblom 
and Lundberg, 1968; Pollock et al., 1974; Zwiren and Bar-Or, 1975) and also 
higher than found for athletes examined by Hulleman and coworkers (1975) at 
the International Heidelberg games in 1972. Gass and Camp (1979) suggest 
that one reason for such a difference may relate to the training regimes of the 
various groups employed in the studies. In this respect unlike the track athletes 
studied by Gass and Camp (1979) or Lakomy and coworkers (1987) the group 
examined by Hulleman and coworkers (1975) consisted of mainly weightlifters. 
The ' 02 pk values of individuals with a SCI involved in different sports have 
been reported (Cameron, Ward and Wicks, 1977; Hadj Yahmed and Carpentier, 
1989). Cameron and coworkers (1977) examined peak oxygen uptake of 42 
male paraplegic athletes. In their study there were 13 track athletes, 
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11 swimmers, 10 archers and 8 weightlifters. They reported that track athletes 
and swimmers recorded higher V02 pk values than athletes involved in strength 
and skill activities (Table 2.3). Lundberg (1980) examined basketball players 
and reported higher V02 pk values than usually observed in this sport (Burke et 
al., 1985) and closer to the values achieved by marathoners (Crews et al., 1 982; 
Gass and Camp, 1987; Eriksson et al., 1988). The finding may relate to the fact 
that the basketball team undertook a specific aerobic wheelchair ergometer 
training programme (Lundberg, 1980). 
Some authors have suggested that the functional capacities of wheelchair 
athletes can be achieved by sedentary wheelchair users (Jochheim and 
Strohkendl, 1973; Bar-Or, Inbar and Spira, 1976; Guttman, 1976). However, 
Shephard (1990) suggests that this idea should be accepted with caution on the 
basis that after 24 weeks training an inactive group had reached no more than 
half the aerobic power of top performers (Shephard, 1990). Although, it should 
perhaps be mentioned, that the training in this study was strength training rather 
than endurance work, which may partly explain this result. 
(iii) The influence of training on the physiological responses of 
wheelchair users to exercise. 
The influence that increased habitual activity may have on "02 pk has also 
been shown by training studies undertaken on individuals with a SCI. As well as 
'O2 pk the other changes which have been observed as a result of training are 
also considered in this section. 
It is clear, from a survey of the literature, whatever the mode of training whether it 
be arm crank ergometry, wheelchair ergometry, treadmill exercise or simply 
increased activity levels, similar physiological changes can be achieved (Table 
2.5). 
A number of studies have shown that V02 pk increases as a result of training 
(Pollock et al., 1974; Nilsson et al., 1975; Hjeltnes, 1984; Taylor, McDonnell and 
Bassard, 1986). Pollock and coworkers (1974) reported an increase in V02 pk 
of 19% for a group of previously sedentary spinal cord injured subjects. Nilsson 
and coworkers (1975) found a similar increase in V02 pk of 12% for a group of 
individuals with longstanding paraplegia and suggested that this was due to a 
better distribution of blood flow and a better mechanical efficiency due to an 
improved arm cranking technique. Hjeltnes (1984) examined the changes 
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during the primary rehabiltation phase for 54 SCI patients using arm cranking 
tests. They found after 16 weeks "02 pk had increased by 30% with the greatest 
increases occurring during the first half of the training period. However, they also 
reported that no marked improvements occurred for tetraplegics as a result of 
training. Similarly, Knuttson and coworkers (1973) found, for subjects with lesion 
levels between C5 and T6, no improvement after training 4/5 times a week for 6 
weeks. However, contrary to this Gass and coworkers (1980) reported an 
increase of 34% following training in a group of 7 tetraplegic subjects. Other 
authors have also suggested that an improvement in 'O2 pk can be achieved by 
individuals with a high level of SCI (DiCarlo, 1982; DiCarlo, Supp and Taylor, 
1983; Whiting, Dreisinger, Dalton and Londeree, 1983). 
While improvements in V02 pk have often been reported Ekblom and Lundberg 
(1968) found no increase in V02 pk for a group of paraplegics but noted that 
heart rate, oxygen uptake and blood lactate had decreased during submaximal 
exercise after training. Other studies have found similar changes in the 
physiological and metabolic responses to submaximal exercise. Engel and 
Hildebrandt (1973) found that, following 16 weeks of training once or twice a 
week during clinical rehabilitation, oxygen uptake and heart rate had decreased 
for 13 paraplegics at given exercise intensity performed on a treadmill 
ergometer. More recent training studies have found similar results during 
submaximal exercise after training (Glaser, Foley, Laubach, Sawka and 
Suryaprasad, 1978; Sedlock, Fitzgerald, Knowlton and Schneider, 1983; 
Hooker and Wells, 1989). 
To summarise, the findings of the various training studies undertaken to date 
generally indicate that during submaximal exercise at a given intensity heart 
rate, respriatory exchange ratio, ventilation rate, oxygen uptake and blood 
lactate are lower following training. During maximal exercise, increases in power 
output, V02 pk, ventilation rate and blood lactate concentration, have been 
reported. 
From this section, it is evident that the level of SCI and activity status are 
important determinants of V02 pk. This is not to say, however, that other factors 
do not play a part, but comparatively speaking they appear to assume less 
importance for the determination of V02 pk for individuals with a SCI. Such 
factors include age, gender and aetiology. Age has been suggested to cause a 
decrease in V02 pk of 3 ml/kg/min-1 per decade for SCI individuals (Sawka, 
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Glaser, Laubach, Samkari and Surprayasad, 1981). With regard to gender it has 
been reported that females appear to have a lower V02 pk than males, although 
only small numbers of females have been studied (Kofsky et al., 1983). This 
finding, however, has not been confirmed by the study of Hjeltnes (1988) who 
reported no differences between males and females. The aetiology of SCI also 
appears to have little bearing on the V02 pk values attained by wheelchair users 
(Davis et al., 1981). 
2.3.4 Other characteristics of individuals with SCI. 
(i) Health characteristics. 
A number of studies have suggested that SCI leads to a sedentary lifestyle 
(Cowell, Squires and Raven, 1986; Hoffman, 1986). Furthermore, it has been 
shown that the daily living activities of individuals with a SCI are not sufficient to 
develop or maintain cardiovascular fitness (Hjeltnes and Vokac, 1979; Janssen, 
Van Oers, Hollander, Woude and Rozendal, 1991). Jochheim and Strohkendl 
(1973) have suggested that a heart rate greater than 50-60% of the heart rate 
reserve (ie. maximal heart rate - resting heart rate) is required to produce an 
aerobic training effect for individuals with a SCI. This threshold has been shown 
to be rarely exceeded during daily living (Hjeltnes and Vokac, 1979; Janssen et 
al., 1991). Burke and coworkers (1985) examined the energy costs of a 
wheelchair basketball practice session and reported that this activity was 
enough to maintain cardiorespiratory fitness. They found that the group of 
wheelchair basketball players exercised at 78% V02 pk with a mean heart rate 
of 141 b. min-1 and an estimated energy expenditure of 8.4 kcal. min-1 during a 
30 minute session. 
A sedentary or inactive lifestyle may help to explain why individuals with a SCI 
are reported to be at greater risk of coronary heart disease (CHD) than the 
general population (Laporte, Brenes, Dearwater, Murphy, Cauley, Dietrick and 
Robertson, 1983) Furthermore, cardiovascular disorders are now the major 
cause of death in this group of people (Le and Price, 1982; Blocker, Merill, 
Krees, Cardus and Ostermann, 1983; Geisler, Jousse and Wynne-Jones, 1983; 
Brenes, Dearwater, Shapera, Laporte and Collins, 1986; Yekuteil, Brooks, Ohry, 
Yarom and Carel, 1989; Bostom et al., 1991). 
Low concentrations of high density lipoprotein cholesterol (HDLG) have been 
associated with an increased risk of CHD (Brenes et al., 1986). Laporte and 
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coworkers (1983) examined the HDLG concentrations in a group of individuals 
with a SCI and reported that this group were at 90% greater risk of a heart attack 
than an able-bodied control group of subjects, and a 350% greater risk than a 
group of marathon runners. More recently, Brenes and coworkers (1986) 
showed that sedentary wheelchair users had a higher concentration of total 
cholesterol and lower concentrations of HDLG and its subfractions than a group 
of wheelchair athletes. It was, therefore, suggested that activity may reduce the 
risk of CHD in this population (Brenes et al., 1986). Dearwater, Laporte, 
Robertson, Brenes, Adams and Becker (1986) confirmed these findings and 
reported that the HDL2 concentration of a group of wheelchair athletes was 
similar to those observed for able-bodied subjects. Increases in HDLc 
concentrations have also been found as a result of swimming training (Ornstein, 
Skrinar and Garrett, 1983) and also a moderate intensity wheelchair training 
programme (Hooker and Wells, 1989). It, therefore, seems that there is growing 
evidence that, like the general population, an increased activity status reduces 
the risk of CHD for people with a SCI. In addition to this, Stotts (1986) has 
reported that SCI athletes are more successful at avoiding the major medical 
complications from which they are at risk (Stotts, 1986). These include 
cardiovascular disorders, respiratory complications and urinary tract infections 
(Glaser, 1989). 
(ii) Dietary characteristics. 
There is very little information concerning energy intake or requirements of 
wheelchair users. The only information available is that presented by Clarke 
(1966). He monitored 7 active paraplegic students for one year. They completed 
a7 day weighed food intake on 3 occasions. The mean energy intake was 
between 2200 and 2300 kcal a day and was uniform during the year. It was 
concluded that able-bodied data should not be used to estimate the 
requirements of paraplegics and that there was a need for regular physical 
activity and a conservative energy intake in this group of people (Clarke, 1966). 
(iii) Anthropometric characteristics. 
There is limited information available concerning the anthropometric 
characteristics of wheelchair users in terms of skinfold thicknesses, upper body 
circumferences and body composition (Table 2.6). 
A number of studies have indicated that SCI results in an increase in body fat 
(BF) (Greenway, Houser, Lindan and Weir, 1970; Pollock et al., 1974; Zwiren 
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and Bar-Or, 1975; Lussier, Knight, Bell, Lohman and Morris, 1983). This finding 
has been suggested to be due to a lower resting metabolic rate (Mollinger, 
Spurr, Ghatit, Barboriak, Rooney, Davidoff and Bongard, 1985; Sedlock and 
Laventure, 1990) as well as a reduced activity level (Mollinger et al., 1985; 
Hoffman, 1986). Training has been found to decrease the % BF (body fat) of 
wheelchair users (Pollock et al., 1974). Consistent with this, Zwiren and Bar-Or 
(1975) reported that a group of active wheelchair users were leaner than a 
group of sedentary wheelchair users. However, this study also reported that the 
active wheelchair users had a similar % BF to a group of sedentary able-bodied 
subjects, and a higher % BF than active able-bodied subjects (Zwiren and Bar- 
Or). Emes (1977), on the other hand, found no difference between a wheelchair 
basketball squad of 20 athletes comprising of paraplegics and amputees and an 
able-bodied basketball squad of 20 players. Likewise, Kofsky and coworkers 
(1983) also reported normal body weight and body fat values for both male and 
female wheelchair users. Wheelchair marathon racers have been reported to 
have lower skinfold thicknesses than wheelchair basketball players (Coutts, 
1986). The skinfold thicknesses of Australian track athletes (Gass and Camp, 
1979) and Canadian international athletes (Coutts and Stogryn, 1987) are in 
general agreement with those of wheelchair athletes competing at the 1976 
Olympiad for the physically disabled (Wicks et al., 1983). Coutts and Stogryn 
(1987) also indicate that, with the exception of the subscapular measurement, 
the skinfold thicknesses were similar to those reported for Olympic able-bodied 
athletes. 
A number of these studies have expressed reservations about the prediction % 
BF and body density (Db) for individuals with a SCI (Zwiren and Bar-Or, 1975; 
Gass and Camp, 1979). Their concern is that the fat distribution of those with SCI 
may be different to able-bodied subjects (Zwiren and Bar-Or, 1975) and that the 
formulae used for determining % BF or body density of able-bodied subjects 
may not be appropriate for use with individuals with a SCI (Gass and Camp, 
1979). Bulbulian, Johnson, Regruber and Darabos (1987) addressed these 
problems. Their study assessed the suitability of use of anthropometric Db 
equations, previously validated on various able-bodied athletic and non athletic 
population samples, for the prediction of body density of paraplegic athletes. 
This was done by comparing the predicted Db values from the various equations 
with those obtained from hydrostatic weighing considered to be an accurate and 
dependable method (Bulbulian et al., 1987). They found that even the 
generalised anthropometric Db equations failed to adequately predict body 
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density in the group of paraplegic athletes. From the data gathered on the 
paraplegic athletes, Bulbulian and coworkers (1987) developed a set of specific 
equations for paraplegics. However, the authors concluded that predicting Db 
using anthropometric data in a heterogenous group of paraplegics was 
unreliable. 
Another concern of the study undertaken by Bulbulian and coworkers (1987) 
was the proper interpretation of Db data into dependable percentage body fat (% 
BF). This was because of the loss of lean tissue in the lower extremities, 
changes in bone density, and the fluid shifts which occur with SCI. This, 
therefore, affects the primary assumptions that are made regarding density of 
mineral, protein and fat in the Siri equation which converts Db to body fat. 
However, it was suggested that this method was acceptable although the need 
for further research was emphasised (Bulbulian et al., 1987). 
Recently, additional problems have been reported for the correct determination 
of body composition of individuals with a SCI using the hydrostatic weighing 
technique (George, Wells and Dugan, 1988; Hooker and Wells, 1990). In this 
respect, it has been suggested that it is important to measure, rather than 
estimate, the residual lung volume (RV) because residual volume is elevated in 
individuals with a SCI (Hooker and Wells, 1990). Furthermore, it has been 
suggested that the RV should be measured when the subjects are in the water 
(Hooker and Wells, 1990). This is because, unlike able-bodied subjects, many 
individuals with a SCI cannot resist the increased hydrostatic pressure of 
submersion, due to weak or flaccid abdominal muscles and as a consequence 
more accurate RV values are said to be reported (Hooker and Wells, 1990). 
From the information presented it would seem to be most appropriate, at the 
present time, to simply report skinfold thicknesses and anthropometric data, such 
as upper body circumferences, rather than predict the body composition of 
individuals with a SCI. 
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2.4 Physiological responses of wheelchair users to submaximal 
exercise. 
The previous section examined the physiological characteristics of wheelchair 
users. This section is concerned with the physiological responses to submaximal 
exercise. Firstly, it outlines the main differences between the physiological 
responses to submaximal arm and leg exercise. It then deals with the 
physiological responses to submaximal arm crank ergometry and wheelchair 
exercise. Finally, the influence of level of SCI on the physiological responses to 
submaximal exercise is examined. 
2.4.1 Physiological responses to submaximal arm and leg exercise. 
Early studies examined the energy costs of wheelchair propulsion. These 
studies showed that the energy cost at a given speed was less for wheelchair 
movement than walking (Peizer, Wright and Freiberger, 1964; Hildebrandt et al., 
1970; Engel and Hildebrandt, 1974). More recently, however, it has been 
suggested that the energy expenditure of wheelchair propulsion is similar 
(Glaser, Edwards, Barr and Wilson, 1975) or greater (Wolfe, Waters and Hislop, 
1977) than for walking at a given speed. Despite these differences all studies 
have reported that, at the same speed, wheelchair exercise results in a higher 
heart rate than walking (Gordon 1958; Voight and Bahn 1969; Hildebrandt et al., 
1970; Stoboy, Rich and Lee, 1971; Glaser et al., 1975; Glaser, Sawka, Wilde, 
Woodrow and Suryaprasad, 1981). This indicates a greater level of 
cardiorespiratory stress during wheelchair exercise (Dreisinger and Londeree, 
1982; Hoffman, 1986). 
Studies on able-bodied subjects which have compared the physiological and 
metabolic responses to arm and leg exercise at given submaximal power 
outputs have also reported a greater level of cardiovascular stress during arm 
exercise. Sawka (1986) suggests that this is due to the unique set of 
cardiovascular adjustments. Many studies have reported a higher oxygen 
uptake at a given work load for arm exercise. (Bevegard et al., 1966; Stenberg, 
Astrand, Ekblom, Royce and Saltin, 1967; Davies and Sargeant, 1974; 
Reybrouck et al., 1975; Pendergast, 1989). Glaser and coworkers (1975) 
compared wheelchair exercise with cycling leg exercise at the same 
submaximal work loads and reported higher oxygen uptake, ventilation rate and 
blood lactate concentration during the wheelchair exercise. These findings have 
since been confirmed (Glaser, Barr, Laubach, Sawka and Suryaprasad, 1980a) 
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and are indicative of a greater metabolic demand during this activity (Glaser, 
1985). The increased oxygen uptake at a given work load during arm work has 
usually been attributed to an increased energy expenditure resulting from an 
increased need for stabilisation during arm work (Pendergast, 1989). 
Sawka (1986) has suggested that the cardiac load is also greater during arm 
exercise compared with leg exercise. This is suggested from the evidence 
available from the many studies on able-bodied subjects which have reported 
higher heart rates at a given work load (Bobbert, 1960; Vokac, Bell, Bautz-Holter 
and Rodahl, 1975) or oxygen uptake (Astrand, Ekblom, Messin, Saltin and 
Stenberg, 1965; Bevegard et al., 1966; Stenberg et al., 1967; Davies and 
Sargeant, 1974). Accompanying higher heart rates, is a greater total peripheral 
resistance and intra-arterial pressure (Sawka, 1986) due to a greater static 
component during arm work or, the fact that a smaller vascular bed is dilated 
during arm exercise (Stenberg et al., 1967; Swaka, 1986). A lower stroke 
volume also accompanies the higher heart rate during arm work compared with 
leg work (Astrand et al., 1965; Stenberg et al., 1967; Davies and Sargeant, 
1974; Sawka, 1986), which is thought to be due to an inadequacy of the skeletal 
and thoracic muscle pumps, resulting in a decreased venous return (Stenberg et 
al., 1967; Davies and Sargeant, 1974) and subsequently a decreased pumping 
capability (Sawka, 1986). The higher heart rates during arm work compensate 
for the lower stroke volume with the result that the cardiac output at the same 
oxygen uptake has been reported to be similar for both arm and leg exercise, at 
the same submaximal exercise intensity (Stenberg et al., 1967; Davies and 
Sargeant, 1974; Miles, Cox and Bromze, 1989). When arm trained subjects have 
been employed, there is no compensatory rise in heart rate required during 
exercise because of a similar stroke volume during arm and leg exercise at the 
same work load (Tesch et al., 1976; Pendergast, 1989). 
Summarising, the reasons for the greater physiological and metabolic stress 
often observed during arm exercise compared with leg exercise, at the same 
work load, has largely been attributed to the comparatively small muscle mass 
used to accomplish the external work (Voight and Bahn, 1969; Barr and Glaser, 
1977; Fisher and Gullickson, 1978). 
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2.4.2 Physiological responses to submaximal wheelchair exercise 
and arm crank ergometry. 
The physiological and metabolic submaximal exercise responses to wheelchair 
and arm crank ergometry (ACE) have differed. Arm cranking has been found to 
cause less physiological stress, at a given submaximal work load, than 
wheelchair exercise (Glaser, Giner and Laubach, 1977; Glaser, Sawka, Young 
and Suryaprasad, 1980c; Sawka et al., 1980; Smith, Glaser, Petrofsky, 
Underwood, Smith and Richard, 1983; Sedlock et al., 1990). In this respect all 
the studies have reported higher oxygen uptake, ventilation rates and heart rate 
during submaximal wheelchair exercise compared with ACE. Sawka and 
coworkers (1980) have also found higher cardiac output, stroke volume, and 
systolic blood pressure during submaximal wheelchair exercise than during 
ACE. 
The lower physiological and metabolic stress, at a given work load, 
during ACE, may relate to the asynchronous nature of the activity, which allows 
continuous force application rather than the intermittent and synchronous nature 
of force application during wheelchair exercise (Sawka et at., 1980; Smith et at., 
1983). The synchronous nature of wheelchair exercise results in the loss of 
inherent neural pathways during force application (Barr and Glaser 1977; Glaser 
et at., 1980b, Smith et at., 1983) and is an energy wasteful propulsion system 
(Brattgard et at., 1970). It has also been suggested that the higher physiological 
stress recorded, at the same submaximal work load, during wheelchair exercise 
may be due to a greater static work component for posture stabilisation, gripping 
and applying force to the hand rims (Sawka et al., 1980). It may also be argued 
that the higher values found during wheelchair exercise may relate to the fact 
that the groups employed in these studies were predominantly able-bodied 
subjects with little experience of wheelchair activity. However, similar results 
have been reported for wheelchair users (Hildebrandt et al., 1970; Wicks et al., 
1977-1978). 
Most studies comparing wheelchair and arm cranking exercise have also 
observed a wider range of values for a given physiological response during 
submaximal wheelchair exercise than during ACE (Wicks et al., 1977-1978; 
Davis et al., 1981; Wicks et al., 1983). This may relate to the greater variety of 
propulsion techniques which exist during wheelchair propulsion compared with 
the one fairly universal arm cranking technique (Davis et al., 1981). The variation 
during wheelchair exercise is highlighted when experienced wheelchair users 
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are compared with novices (e. g. able-bodied subjects) with lower physiological 
stress evident in the experienced group (Voight and Bahn, 1969; Wicks et at., 
1977-78; Davis et at., 1981). This is achieved, according to Wicks and coworkers 
(1977-78), by a lower strike frequency suggesting that maximum efficiency of 
wheelchair propulsion is achieved by increasing the applied torque to the 
wheelchair rims during striking. This study reported that increases in V02 were 
small when increases in strike frequency were kept to a minimum (Wicks et at., 
1977-78). 
Despite the greater physiological stress and greater variation for a given 
physiological response found during wheelchair exercise, like arm cranking, the 
direction of the responses are similar with oxygen uptake, ventilation rate, heart 
rate and blood lactate increasing with increasing work load (Brattgard et al., 
1970; Wicks et al., 1977-78; Glaser et al., 1979; Coutts, Rhodes and McKenzie, 
1985). In arm cranking exercise the relationship between each of these 
variables and work load at submaximal intensities has generally been reported 
to be linear (Bobbert, 1960; Stenberg et al., 1967; Nilsson et al., 1975; Hooker 
and Wells, 1989). In contrast to these findings Vokac and coworkers (1975) have 
reported a curvilinear response between oxygen uptake and work load in a 
group of able-bodied subjects indicating a decrease in mechanical efficiency 
(Wicks et al., 1977-78), which may be attributed to the action of postural and 
stabilising muscles (Stenberg et al., 1967). This has also been reported for low 
lesion paraplegics (Wicks et al., 1977-78). During wheelchair ergometry the 
linear relationship between oxygen uptake and work load has not been so 
apparent (Wicks et al., 1977-78) although a linear relationship has been found 
during wheelchair treadmill exercise (Voight and Bahn, 1969; Asayama, 
Nakamura, Ogata, Morita, Kodama and Hatada, 1984; Asayama, Nakamura, 
Ogata, Hatada, Okuma and Deguchi, 1985). Linear relationships have been 
found during wheelchair exercise when considering heart rate and work load, 
and, ventilation rate and work load (Sawka et al., 1980; Voight and Bahn, 1969; 
Coutts et al., 1985). 
2.4.3 The influence of level of SCI on the physiological responses 
to submaximal exercise. 
Few studies have compared the physiological responses of different levels of 
SCI to submaximal exercise. Those studies which have compared the 
cardiovascular responses of individuals with a SCI to submaximal exercise were 
reviewed in section 2.3.1, under the heading haemodynamic response to 
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exercise, and are therefore not considered here. Coutts and coworkers (1985) 
compared the physiological responses to submaximal exercise of 3 groups 
using the wheelchair ergometer . The groups examined were inactive 
tetraplegics, high lesion paraplegics and low lesion paraplegics. No differences 
were found between the physiological responses of the high and low paraplegic 
groups at any of the submaximal exercise intensites in terms of oxygen uptake, 
heart rate, ventilation rate, respiratory exchange ratio, ventilatory equivalent or 
oxygen pulse. In general the greater differences existed between the tetraplegic 
and paraplegic groups. The reasons for this were suggested to relate to the fact 
that the physiological problems are maximised in this group, having the least 
amount of functional muscle mass and the greatest disruption to the ANS (Coutts 
et al., 1985). 
The first four sections have reviewed the literature concerned with the 
physiological responses of wheelchair users to exercise. The sections which 
follow (2.5,2.6,2.7) are concerned with three areas where there is very little 
research concerning individuals with a SCI. This is, therefore, where the 
experimental studies described in this thesis have been directed. These areas 
are: factors which influence endurance performance; the physiological and 
metabolic responses to prolonged submaximal exercise; the physiological and 
metabolic responses to brief high intensity exercise. Due to the lack of studies on 
wheelchair users in these areas the findings of able-bodied studies are outlined, 
drawing on information from research on wheelchair users where possible. 
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2.5 Physiological characteristics and endurance performance. 
Running studies have attempted to identify physiological characteristics which 
may be of benefit to endurance performance. Importance has been attached to 
various physiological attributes including: the possession of a large V02 max 
(Saltin and Astrand, 1967; Costill, Thomason and Roberts, 1973; Ramsbottom, 
Nute and Williams, 1987); the ability to utilise a high proportion of the V02 max 
during a race (Costill, Branam, Eddy and Sparks, 1971); the proportion of slow 
twitch fibres in the active muscle mass (Costill, Fink and Pollock, 1976); running 
economy, defined as the oxygen uptake at a given submaximal treadmill running 
speed (Farrell, Wilmore, Coyle, Billing and Costill, 1979), where athletes have 
similar V02 max values (Conley and Krahenbuhl, 1980); the rate of 
accumulation of blood. lactate (Sjödin and Jacobs, 1981) or plasma lactate 
(Farrell et al., 1979) and the running speeds at reference blood lactate 
concentrations (Sjödin and Schele, 1982; Willams and Nute, 1983). 
At present only one study has examined the relationships between physiological 
characteristics of wheelchair athletes and their endurance performance (Lakomy 
et al., 1987). While this study provided useful information, only a small number of 
subjects were employed and the race distance was only 5 km, which is rarely 
used for wheelchair racing. 
In this section, studies on able-bodied athletes which have assessed the 
relationships between physiological characteristics ("02 max, running 
economy, fractional utilisation of "02 max and blood lactate accumulation) and 
endurance performance are examined. In addition, where possible, references 
are made to relevant studies on wheelchair athletes. 
2.5.1 V02 max. 
In able-bodied subjects the V02 max is, to a large extent, genetically 
predetermined (Klissouras, Piranay and Petit, 1973; Komi and Karlsson, 1979) 
with improvements of around 20% possible through training (Astrand and 
Rodahl, 1986). Clearly for individuals with a SCI V02 pk is not genetically 
predetermined but it may be argued that the level of SCI may, to a large extent, 
determine the V02 pk, as was discussed earlier in this review (see Section 
2.3.2). 
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Elite endurance runners are characterised by a large 'O2 max (Saltin and 
Astrand, 1967; Pollock, 1977; Davies and Thompson, 1979; Sjödin and Schele, 
1982). A similar situation may be true for successful wheelchair endurance 
racers. The evidence for this is that these athletes generally have higher "02 pk 
values than athletes in other wheelchair sports (Cameron et al., 1977; Gandee et 
al., 1980; Crews et al., 1982; Gass and Camp, 1987). 
The oxygen cost of running is directly proportional to running speed (Williams 
and Nute, 1983; Ramsbottom et al., 1987). It is therefore not suprising that a high 
maximum oxygen uptake (V02 max) has been linked with the ability to perform 
well over endurance distances (Ramsbottom et al., 1989a). Indeed over the 
years much emphasis has been placed on the possession of a large V02 max 
for endurance running success (Saltin and Astrand, 1967; Costill et al., 1973; 
Davies and Thompson, 1979). This has been supported by the many studies 
which have reported a high correlation coefficient between "02 max and 
endurance performance (Table 2.7). This has applied for race distances from 5 
km (Davies and Thompson, 1979; Ramsbottom et al., 1987; Ramsbottom et al., 
1989a) to marathon (Foster, Daniels and Yarborough, 1977; Farrell et al., 1979). 
In the studies detailed in Table 2.7 a wide range of "02 max values and 
performance times have usually been reported. In this situation it has been 
suggested that differences in VO2 max can explain differences in performance 
(Conley and Krahenbuhl, 1980; Williams and Nute, 1983). 
While the association between V02 max and endurance performance has often 
been strong not all studies have reported a high correlation. Hagan, Smith and 
Gettman (1981) found a modest correlation of -0.63 between marathon 
performance time and V02 max in 50 males of different abilities and wide range 
of performance times. Wily and Shaver (1972) found a correlation of -0.43 
between "02 max and 3 mile run time. It has been suggested that the extent of 
the relationship between "02 max and running performance is dependent on 
the nature of the subjects and the population under study (Ramsbottom, 1987). 
In support of this, Conley and Krahenbuhl (1980) found that, in a group of 
runners with similar "02 max values, the correlation between V02 max and 
10km performance was only -0.12. They, therefore, suggested that when 
distinguishing between the endurance performance times amongst athletes with 
similar V02 max values then other factors become important such as, the 
percentage of V02 max used during the race (% 'O2 max), muscle fibre 
composition and running economy (Conley and Krahenbuhl, 1980). 
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Table 2.7 Examples of running studies which have reported a high correlation 
coefficient between V02 max and endurance performance. 
REFERENCE SUBJECT n RACE r 
GROUP DISTANCE 
Costill et al. (1973) Trained distance runners 16 10 miles -0.91 
Davies & Thompson (1979) Ultramarathon runners (men) 13 5 km -0.90 
13 84.64 km -0.85 
Farrell et al. (1979) Experienced distance runners (men) 18 3.2 km -0.83 
18 9.7 km -0.86 
18 15 km -0.89 
18 19.3 km -0.91 
18 Marathon -0.91 
Foster et al. (1977) Experienced marathon runners 23 Marathon -0.86 
Priest & Hagan (1987) Cross country runners (men) 12 3.22 km -0.81 
12 10 km -0.86 
Ramsbottom et al. (1987) Physical Education students 98 5 km -0.89 
P. E (men) 55 5 km -0.85 
P. E (women) 43 5 km -0.80 
Ramsbottom et al. (1989a) Recreational runners (men) 18 5 km -0.89 
Recreational runners (women) 13 5 km -0.92 
Williams & Nute (1983) Recreational runners 10 Half marathon -0.81 
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The one wheelchair study which has examined the relationship between VO2 pk 
and endurance performance time (5 km) reported a modest correlation of -0.67 
in a group of 12 wheelchair athletes where there was a wide range of VO2 pk 
values and performance times (Lakomy et al., 1987). 
The modest or low correlation coefficients reported in the latter studies reviewed, 
together with the observation that improvements in V02 max for runners as a 
result of training are small when compared with improvements in endurance 
capacity (Williams and Nute, 1986), has meant that other physiological factors 
have been the topics of increasing investigation. Over recent years it has been 
suggested that measurements taken during submaximal running may be better 
indicators of endurance performance than V02 max per se (Farrell et al., 1979; 
Sjödin and Schele, 1982; Williams and Nute 1983). 
2.5.2 Running economy. 
Running economy has been defined as the oxygen uptake at a given 
submaximal treadmill running velocity (Farrell et al., 1979). This means that the 
lower the oxygen cost of running at a given speed the more economical or 
efficient the runner. Trained runners, whether male or female, are reported to be 
more economical than their untrained counterparts (Bransford and Howley, 
1977; Mayhew, Piper and Etheridge, 1979). Differences in running economy 
have also been found between trained athletes (Costill et al., 1973; Daniels, 
1974; Pollock, 1977; Farrell et al., 1979; Sjödin and Schele, 1982). For example, 
Sjödin and Schele (1982) found at 15 kph (4.17 m. s-1) a range of oxygen costs 
from 41 ml. kg. min-1 to 55.8 ml. kg. min-1. Moreover, McMiken and Daniels (1976) 
have reported a difference of 42% between the most efficient and least efficient 
runner. 
In some studies running economy has been found to correlate highly with 
performance (Foster, Daniels and Yarbrough, 1977; Farrell et al., 1979; Sjödin 
and Schele, 1982; Conley and Krahenbuhl, 1980). Sjödin and Schele (1982) 
found a correlation of 0.75 between running economy at 4.47 m. s-1 and 5 km 
performance time. Conley and Krahenbuhl (1980) found that in a group of elite 
runners with similar V02 max values and comparable experience that 65.4% of 
the variation in 10 km performance could be explained in terms of running 
economy. Running economy was therefore described as an essential attribute to 
running success (Conley and Krahenbuhl, 1980). Costill and Winrow (1970) 
examining two middle aged ultra distance runners concluded that for athletes 
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with similar V02 max values and running experience, running economy can play 
a part in determining success over long distances. 
Other studies do not support this idea (Davies and Thompson, 1979; Farrell et 
al., 1979; Williams and Nute, 1983; Ramsbottom et al., 1989a). Davies and 
Thompson (1979) found that in a group of well trained male and female 
marathon and ultra distance runners there was a 5% inter-subject difference in 
running economy which was not reflected in the performance times. They 
suggested there was no evidence that successful endurance performance was 
dependent on running economy. Likewise, Williams and Nute (1983) found that 
for a group of 10 recreational runners, at a running speed of 241 m. min-1 (4.02 
m. s-1), there were small differences (range 5.5 ml. kg. min-1) between the oxygen 
consumption of individuals. A low correlation between running economy at this 
speed and half marathon performance was reported (r=0.24, n. s) (Williams and 
Nute, 1983). Similarly, Ramsbottom and coworkers (1989a) found similar low 
correlations for male and female runners between running economy and 5 km 
performance time. The only study on wheelchair athletes also reported a very 
low correlation of -0.12 between pushing economy and 5 km performance time 
(Lakomy et al., 1987). 
2.5.3 Fractional utilisation of V02 max. 
Running economy, expressed as a percentage of V02 max (relative running 
economy) has been suggested as being of more importance as a predictor of 
endurance performance success than running economy per se (Costill et al., 
1973). The suggestion is that the lower the % V02 max at a given speed the 
better will be the performance time. The fractional utilisation of the V02 max at 
268 m. min-1 (4.47 m. s-1) correlated highly (r=0.94) with performance over 10 
miles in a group of 16 trained athletes (Costill et al., 1973). Similar findings have 
been reported for men and women over a5 km race distance (Sjödin and 
Schele, 1982; Ramsbottom et al., 1989a). A high correlation has also been 
reported between relative running economy and 5 km performance when 
wheelchair athletes have been considered (Lakomy et al., 1987). Sjödin and 
Svedenhag (1985) have suggested that such results should not be suprising 
because this factor represents both the effects of running economy and V02 
max. 
It also appears that successful endurance athletes, as well as having a large 
\ 02 max, must be able to utilise a high percentage of their V02 max for long 
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periods of time (Costill et al., 1971; Davies and Thompson, 1979). Studies report 
that during marathon races elite runners are able to utilise around 75% V02 max 
(Costill and Fox, 1969; Farrell et al., 1979) while over shorter distances 
successful runners appear able to utilise more than 85% V02 max (Costill and 
Fox, 1969; Davies and Thompson, 1979; Colquhoun, 1984; Ramsbottom et 
al., 1987; Ramsbottom et al., 1989a). For a group of recreational runners Williams 
and Nute (1983) found that they sustained a pace during a half marathon which 
demanded around 80% V02 max. Maron, Horvath, Wilkerson and Gliner, (1976) 
determined oxygen uptake during a marathon race for 2 highly trained runners 
and reported that during the race oxygen uptake dropped to 60% "02 max and 
increased to 100% V02 max on hilly sections of the course. Williams, Brewer 
and Patton (1984), in a comparison of elite and recreational distance runners, 
reported that the recreational runners were able to maintain a speed equivalent 
of 68% V02 max while elite athletes selected a running speed equivalent to 
77% VO2 max during a marathon race. Once again confirming the importance of 
the ablity to sustain a high % V02 max during an endurance race. The limit to 
the relative exercise intensity which athletes are able to sustain during a race is 
thought to relate to the blood lactic acid concentration (Williams and Nute, 1983; 
Sjodin and Svedenhag, 1985). 
2.5.4 Blood lactate accumulation. 
The % V02 max which can be utilised over long distances is determined largely 
by the capacity of the exercising muscles to cover their energy needs by aerobic 
metabolism (Williams and Nute, 1983). For each individual there comes a point 
(% V02 max) where this situation no longer exists and the rate of glycogenolysis 
in the working muscles requires an increased contribution from anaerobic 
metabolism to supplement aerobic metabolism. This causes an increased rate of 
lactic acid production in the muscle. The lactic acid generated in the muscle 
passes into the blood and when the rate of production exceeds the rate of 
removal lactic acid accumulates in the blood (Farrell et al., 1979). 
The exercise intensity at which there is a significant increase in blood lactate 
concentration depends on the training status of the individuals (Hurley, Hagberg, 
Allen, Seals, Young, Cuddihee and Holloszy, 1984). Amongst other things 
training results in an increase in capillary density (Fox, 1979) and also an 
increase in oxidative capacity of muscle (Gollnick, Armstrong, Saltin, Saubert, 
Sembromwich and Shephard, 1973). These training induced adaptations result 
in an improved efficiency and are accompanied by a shift towards fat metabolism 
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away from carbohydrate metabolism (Hardman and Williams, 1983). The 
adaptations are reflected in lower blood lactate concentrations during exercise 
(Hurley et al., 1984; Ramsbottom, Williams, Fleming and Nute, 1989b). The end 
result is that a greater % V02 max can be sustained during a performance. 
Costill and coworkers (1973) examined 16 trained subjects and found that the 
faster runners were accumulating less lactate above 70% 'O2 max at the same 
absolute and relative speeds. MacDougall (1977) found that endurance trained 
athletes exercised at greater exercise intensity before lactate started to 
accumulate. Elite athletes have been reported to be able to work at between 80 
and 90% of their V02 max without any significant increase in blood lactate 
concentration (Mickleson and Hagerman, 1982). In untrained individuals during 
running the increase in blood lactate appears to occur between 40-60%' 02 
max (Davis et al., 1979; Gollnick et al., 1986). 
A number of studies have examined the relationship between blood lactate 
concentration and running speed. The findings have revealed that running 
speeds at which increases in blood lactic acid occur correlate better with 
endurance performance than V02 max per se (Farrell et al., 1979; Williams and 
Nute, 1983; Ramsbottom et al., 1989a). 
Examining the relationship between running speeds at selected blood lactic acid 
reference points and endurance performance has become popular (Jacobs, 
1986). Ramsbottom and coworkers (1989) suggest that the common purpose of 
studies employing such a strategy has been to define the highest exercise 
intensity or running speed which is supported predominantly by aerobic 
metabolism (Farrell et al., 1979; Sjödin and Jacobs, 1981; Williams and Nute, 
1983; Ramsbottom et al., 1987; Ramsbottom et al., 1989a). 
The use of blood lactate concentration reference points has become quite 
common in preference to the determination of a lactate threshold. The blood 
lactate concentrations of 2 mmol. l-1 and 4 mmol. 1-1 have often been selected 
(Kindermann, Simon and Keul, 1979). It has been suggested that this is because 
2mmol. l-1 represents the early increase in blood lactate concentration above 
resting values and represents predominantly aerobic metabolism with an upper 
limit of 2.2 mmol. l-1 (Londeree and Ames, 1975), while 4 mmol. l-1 is close to the 
point where anaerobic metabolism makes a significant contribution to energy 
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supply and thus where a rapid increase in blood lactate concentration occurs 
(Sjödin and Jacobs, 1981; Williams and Nute, 1983). 
Williams and Nute (1983) reported a good correlation between V02 max and 
half marathon performance (r=-0.81; p<0.01) in 10 recreational runners, 
however, they reported an even better correlation (r=-0.88; p<0.01) between 
running speeds equivalent to a blood lactate concentration of 4 mmol. l-1 and 
performance time. A number of other studies have also found high correlations 
between reference blood lactate concentrations and endurance performance 
(Sjödin and Jacobs, 1981; Sjödin and Schele, 1982; Ramsbottom et al., 1989a), 
with similar relationships reported between the anaerobic threshold of young 
endurance athletes and performance times, over 5 km, 10 km and 16.09 km 
(Kumagi, Tanaka, Maysuura, Matsuzaka, Hirakoba and Asano, 1982). 
Sjödin and Jacobs (1981) examined the relationship between performance and 
running speeds equivalent to 4 mmol. l-1 blood lactate concentration. They 
termed this point the onset of blood lactate accumulation (OBLA) and found a 
correlation of 0.96 (p<0.001) between it and marathon performance for a group 
of experienced runners. Sjödin and Schele (1982) found a correlation between 
V02 max and 5 km performance of 0.60 while the correlation between the speed 
at which OBLA occurred (VOBLA) and performance was 0.95. The % V02 max 
at which VOBLA occurred ranged from 74.7% to 92.9% V02 max. The % VOBLA 
that athletes sustained during races over 5 km, 10 km and marathon were 109% 
VOBLA , 103% VOBLA and 94% VOBLA respectively. 
Farrell and coworkers (1979) found a correlation of 0.98 between the onset of 
plasma lactate (OPLA) defined at 2 mmol. l-1 and marathon performance which 
was therefore better than the correlation with V02 max, running economy or fibre 
type. They also found that while there was a good correlation between other 
factors and performance the best relationship was with OPLA. Farrell and 
coworkers (1979) suggested that runners set a race pace which just avoids an 
exponential rise in plasma lactate (OPLA). This is necessary because during 
long distance races glycogen depletion is the major source of fatigue. There is 
also some evidence that experienced trained runners may select a pace closer 
to this point than untrained runners because of a better ability to tolerate higher 
blood lactate concentrations (Williams et al., 1984). 
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2.6 Physiological and metabolic responses to prolonged 
submaximal exercise. 
The last section examined those physiological factors which have most 
commonly been reported to be of benefit to endurance running performance. 
Another aim of this thesis is to examine the responses of individuals with a SCI 
during prolonged submaximal exercise as there is little research in this area 
(Gass et al., 1981; Fitzgerald, Sedlock, Knowlton and Schneider, 1982; Skrinar 
et al., 1982; Gass and Camp, 1987). In this section the physiological and 
metabolic responses of able-bodied athletes to endurance exercise, which have 
been well documented (Saltin and Stenberg, 1964; Ekelund, 1967; Costill, 
1970; Sawka, Knowlton and Critz, 1979; Pimental, Sawka, Billings and Trad, 
1984), are outlined. The findings are compared with those from the limited 
number of studies investigating wheelchair users. The section also examines 
metabolism during prolonged submaximal exercise. 
2.6.1 Physiological and metabolic responses to prolonged 
submaximal exercise. 
(1) Heart rate. 
During prolonged cycling (Saltin and Stenberg, 1964; Ekelund, 1967; Pimental 
et al., 1984), running (Costill et al., 1970; Sawka et al., 1979) and arm cranking 
(Pimental et al., 1984) heart rate has been found to have a tendency to gradually 
drift upwards. This has been largely attributed to the need to compensate for a 
decrease in stroke volume (Saltin and Stenberg, 1964; Ekelund, 1967; 
MacDougall, Reddan, Layton and Dempsey, 1974; Sawka et al., 1979; Pimental 
et al., 1984). The decrease in stroke volume is related to the peripheral shift of 
blood volume for temperature regulation (Rowell, 1974) which is indicative of an 
increase in sympathetic activation (Smith et al., 1976). A decrease in stroke 
volume has also been associated with a fall in plasma volume (Saltin and 
Stenberg, 1964), although Smith and coworkers (1976) have suggested that 
cardiovascular drift occurs when plasma volume and blood volume are stable 
(Smith et al., 1976). 
Pimental and coworkers (1984) compared cycling and arm cranking at the same 
relative exercise intensity of 60% V02 pk for 9 subjects for 60 minutes. They 
reported cardiovascular drift in both activities. They found that for arm cranking 
there was a greater increase in heart rate which they suggested may be due to 
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greater static component as well as blood pooling in the legs due to gravity and 
lack of lower body skeletal muscle pump activity. They also reported that the 
decrease in plasma volume was similar for both modes of exercise (7%). 
During prolonged wheelchair exercise heart rate has been reported to have a 
tendency to increase and plateau rather than continue to increase throughout 
exercise (Fitzgerald et al., 1982; Gass et al., 1981). In a recent study Gass and 
Camp (1987) reported, contrary to previous findings, that heart rate increased in 
a group of wheelchair athletes working at between 60-65% V02 pk for 80 
minutes. However, on closer investigation of this data, it appears that heart rate 
did reach a plateau with the values recorded after 60 and 80 minutes of 174 
b. min-1 and 173 b. min-1 respectively. 
Gass and coworkers (1981) have suggested that the "plateauing" effect is due to 
a stable stroke volume. They believed that, in their study, this was the result of 
the low relative exercise intensity they prescribed (50% V02 pk), the 
environmental conditions and the active muscle mass involved during the 
endurance exercise. They suggest that because of the small muscle mass there 
is less competition between the skin and the muscle for blood flow as thermal 
load increases, leading to a stable stroke volume (Gass et al., 1981). They also 
indicate that the thermal load may not have been great enough to cause a 
change in stroke volume at 50% /O2 pk (Gass et al., 1981). Fitzgerald and 
coworkers (1982) also report a plateau in heart rate for a small group of spinal 
cord injured as well as able-bodied female subjects working between 50-55% 
"02 pk. They suggested that the reason for the finding was the low relative 
exercise intensity employed (Fitzgerald et al., 1982). 
(ii) Ventilation rate and oxygen uptake. 
Studies on able-bodied subjects have reported that ventilation rate and oxygen 
uptake also tend to drift upwards during prolonged exercise of submaximal 
intensity (Ekelund, 1967; Hagberg, Mullin and Nagle; 1978; Hansen, Claremont, 
Dempsey and Reddan, 1982; Hardman and Williams, 1983; Pimental et al., 
1984; Casaburi, Storer, Ben-Dov and Wasserman, 1987; Camus, Atchoi, 
Bruckner, Giezendanner and Prampero, 1988), although others have reported 
no change in ventilation rate or oxygen uptake during prolonged exercise 
(Sawka et al., 1979; Gass, Camp, Watson, Eager, Wicks and Ng, 1983). It has 
been suggested that the drift in oxygen uptake only occurs above the "anaerobic 
threshold" defined as the highest possible exercise intensity at which no 
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significant increase in blood lactate occurs (Davis, 1985). While some authors 
support this view (Moriera Costa, Russo, Piccaro, Barrosneto, Silva and 
Tarasantchi, 1989) others do not, having reported that oxygen uptake drifts 
upwards even when there is only a negligible change in blood lactate 
concentration (Ekelund, 1967; Hagberg et al., 1978). Other factors have 
therefore been associated with this "drift" including an increased ventilation rate 
(Hagberg et al., 1978; Hardman and Williams, 1983; Casaburi et al, 1987) due to 
decreased mechanical efficiency (Hartley, 1977) an increased core temperature 
(Hagberg et al., 1978), the recruitment of different and increasingly inefficient 
muscle fibres and a shift toward fat metabolism (Hartley, 1977; Hardman, 1984). 
During prolonged wheelchair exercise at relative exercise intensities between 
50 and 70% V02 max, oxygen consumption and ventilation rate appear to 
remain relatively stable (Gass et al 1981; Fitzgerald et al., 1982; Gass and Camp 
1987). This is in contrast to the results reported for able-bodied subjects 
exercising with the arms (Pimental et al., 1984) and also with subjects exercising 
in the sitting position (Ekelund, 1967) at similar exercise intensities. 
The reasons for this difference have been suggested as being due to an 
interaction between mechanical efficiency and a change in substrate utilisation 
(Gass et al., 1981; Gass and Camp, 1987). These studies suggest that during 
the endurance exercise mechanical efficiency of wheelchair athletes improves. 
This would result in a decrease in oxygen uptake, however, the shift towards fat 
metabolism, with its increased metabolic cost may lead to the stable oxygen 
uptake reported (Gass et al., 1981; Gass and Camp, 1987). 
(iii) Blood lactate concentration. 
Studies on able-bodied subjects concerned with metabolic responses 
to prolonged submaximal exercise have produced conflicting views regarding 
the blood lactate changes occurring over time. Rowell, Kraning, Evans, 
Kennedy, Blackman and Kusumi, (1966) reported that during moderate to heavy 
prolonged work (48-70% V02 max), there was a fall in blood lactate 
concentration after a peak during the first 10 minutes of exercise. This is 
supported by other studies (Ekelund, 1967) and consistent with the earlier 
findings of Bang (1936). However others have reported that blood lactate 
concentrations change little during distance running around 70% V02 max 
(Costill, 1970; Hardman and Williams, 1983). Continuous increases in blood 
lactate concentrations have also been reported (Asmussen, 1950; Cobb and 
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Johnson, 1963) with these increases more likely at high relative exercise 
intensities (Rowell et al., 1966; Costill, 1970) or according to Davis (1985) 
above the anaerobic threshold. Clearly the reasons for the different views simply 
depend on the training status of the subject group employed or the exercise 
intensity selected. 
Only the study of Pimental and coworkers (1984) has compared prolonged 
submaximal arm and leg exercise at the same relative exercise intensity. The 
results showed that, at 60% V02 max, blood lactate concentrations during arm 
and leg exercise were similar throughout the 60 minute exercise bout. 
There also appears to be a lack of agreement between the results 
from the limited number of studies on the metabolic responses of wheelchair 
athletes during prolonged exercise (Gass et al., 1981; Gass and Camp, 1987). In 
a group working at 50% "02 pk a peak in blood lactate was recorded during the 
early stages of exercise and then decreased towards resting values as exercise 
progressed (Gass et al., 1981). At higher exercise intensities (60-65% V02 pk) 
the blood lactate concentration did not change significantly (Gass and Camp, 
1987). 
2.6.2 Metabolism during prolonged exercise. 
It is widely accepted that carbohydrate (CHO) and fat are the fuels which, via 
oxidative metabolism, provide the majority of the adenosine triphosphate (ATP) 
for energy production during endurance exercise (Williams et al., 1984; 
Bjorntorp, 1991; Hargreaves, 1991). 
(i) Carbohydrate metabolism. 
Carbohydrate (CHO) is the preferred fuel of the body during high intensity 
exercise because of the rate at which it can supply energy, however, the stores 
of CHO are limited providing an estimated total energy expenditure of around 
2400 kilocalories (kcal) (Newsholme and Leech, 1983). Carbohydrate is stored 
by the body in the liver and the muscle as glycogen. The amount of glycogen in 
the liver is variable although on average the liver contains around 90 g of 
glycogen (Hultman and Nilsson, 1971). 
When required the liver converts glycogen to glucose which is then released into 
the blood stream. This is essential for the maintenance of blood glucose 
homeostasis which is vital for the normal function of organs such as the brain 
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and central nervous system (CNS) which rely on glucose as a fuel (Pruett, 
1970). It has been reported that around 60% of the glucose from the liver is used 
to fuel cerebral metabolism (Reichard et al., 1961). However, it also supplements 
the energy supply to the working muscles as muscle glycogen stores decrease 
(Hultman and Sjoholm, 1983). It is also worth noting that there is an increase in 
the glucose derived from gluconeogenesis during prolonged exercise (Wahren, 
1977; Bjorntorp, 1991). Wahren (1977) suggested that, during the early stages of 
exercise, liver glycogenolysis is the main source of the glucose, while the 
contribution from gluconeogenesis increases as exercise progresses as liver 
glycogen is reduced. 
Blood glucose concentrations have a tendency to decline with prolonged 
exercise (Pruett, 1970). This has also been reported during wheelchair exercise 
at 50% V02 pk for 60 minutes (Gass et al., 1981). Others, however, have 
reported no significant changes during prolonged wheelchair exercise when the 
relative exercise intensity was above 60% V02 pk (Skrinar et al., 1982; Gass 
and Camp, 1987). A decrease in blood glucose will occur when glucose uptake 
by the body is greater than the output of the liver (Costill, 1988). 
Most of the CHO in the body is stored as muscle glycogen. The amount stored is 
dependent on factors such as diet, activity level and training status (Costill, 
1988). In able-bodied subjects it has been suggested that the CHO stores are 
enough to support high intensity submaximal exercise for around 2 hours before 
glycogen is depleted (Newsholme and Leech, 1983). Furthermore, glycogen 
depletion has often been suggested as the major reason for fatigue during 
prolonged submaximal exercise (Costill, 1986). 
(ii) Fat metabolism. 
Fat, in comparison to CHO, is an abundant energy source. It has been calculated 
that the total fat store of the body is equivalent to about 84,000 kcal which means 
that 98% of the total energy available for muscular work is in the form of fat 
(Newsholme and Leech, 1983). 
Fat is stored predominantly as triglyceride in fat cells, known as adipocytes 
(Vander, Sherman and Luciano, 1986), which collectively form adipose tissue. 
There are also limited intramuscular stores of triglyceride and also circulating 
triglycerides which are found for the most part in the very low density 
lipoproteins, produced by the liver, and in chylomicrons (Bjorntorp, 1991). 
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When required triglyceride is hydrolysed into its constituents, FFA 
and glycerol. The mobilisation of fatty acids is initially under hormonal control 
(Galbo, 1983). Bjorntorp (1991) has recently suggested that the main mobiliser 
of fat for exercise is the sympathetic nervous system although low insulin 
availability has also been identified as a major determinant of increased lipolysis 
(Galbo, 1983). The result is that hormone sensitive lipase is activated (Bjorntorp, 
1991). Free fatty acids (FFA) are released into the blood stream and transported 
in association with the plasma protein albumin (Bjorntorp, 1991). 
An increase in fat metabolism during exercise is reflected by increased FFA and 
glycerol concentrations and a decrease in respiratory exchange ratio (R) value 
(Armstrong, Steele, Altszuler, Dunn, Bishor and Bodd, 1961; Felig and Wahren 
1971; Hardman and Williams, 1983). Armstrong and coworkers (1961) have 
reported that the higher the concentration of plasma FFA the greater the uptake 
of FFA by the muscle. Hardman and Williams (1983) have shown that endurance 
trained athletes have a greater capability to metabolise fat than an active but 
endurance trained group. This is supported by training studies which have 
reported a fall in R value as a result of training (Saltin and Karlsson, 1971). The 
use of the R value for the indirect estimation of the proportion of fat and CHO 
utilised during exercise requires that the exercise is aerobic (Hardman and 
Williams, 1983) and under these circumstances invasive studies have confirmed 
that R does reflect the amount of fat oxidation taking place (Jansson, 1980). 
A common finding has been that fat metabolism increases during prolonged 
exercise for able-bodied subjects (Ekelund, 1967; Pruett, 1970; Costill, 1970; 
Piranay, Creilaard, Pallikarkis, Larcoix, Mosora, Krzentowski, Luycks and 
Lefebvre, 1982; Hardman and Williams, 1983; Williams et al., 1984) and occurs 
irrespective of the mode of exercise (Thomas, Feiock and Araujo, 1989). 
Increased fat metabolism also occurs during prolonged wheelchair exercise 
(Gass et al., 1981; Skrinar et al., 1982; Gass and Camp, 1987). 
(iii) Interaction between fat and carbohydrate. 
The pattern of fat and CHO utilisation during physical activity will be influenced 
by the nature and the intensity of the activity undertaken (Astrand, 1967) as well 
as factors such the state of physical training and the diet of a subject (Costill, 
1988). 
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The relative contributions of carbohydrate and fat metabolism to energy 
provision are thought to be regulated by a mechanism which has become known 
as the glucose-fatty acid cycle (Randle, Garland, Hales and Newsholme, 1963). 
It has been proposed that the formation of citrate, from oxidation of free fatty 
acids, has an inhibitory effect on phospho-fructo-kinase (PFK) one of the main 
rate limiting enzymes in glycolysis. This means that, as well as supplementing 
CHO metabolism during endurance exercise, fat metabolism can also regulate 
PFK activity. Recently this mechanism has been questioned (Hargreaves, Keins 
and Richter, 1991). This study showed that when FFA concentrations were 
elevated the glucose uptake by the muscle was inhibited and the rate of 
glycogen breakdown within the muscle was unchanged. It was therefore 
suggested that the effect of raised FFA concentrations on carbohydrate 
metabolism in the muscle maybe by a direct inhibition of glucose transport rather 
than by the glucose-fatty acid cycle (Hargreaves et al., 1991). 
(iv) Protein metabolism. 
While it is well accepted that carbohydrate and fat are the major fuels during 
endurance exercise there is increasing evidence to suggest that protein in the 
form of amino acids may also contribute to the energy provision during 
endurance exercise. It has been suggested that amino acid oxidation may 
contribute up to 10% of the total energy required for sustained prolonged 
exercise (Brooks, 1987). 
It is generally accepted that during prolonged exercise there is a net 
breakdown of whole-body protein accomplished by a decrease in the rate of 
protein synthesis and an increase in the rate of protein degradation in the liver 
(Dohm, Tapscott and Kasperek, 1987) and a net increase in the rate of 
noncontractile protein degradation in muscle (Kasperek and Snider, 1989). 
Increases in protein metabolism are reflected by increases in urea excretion 
(Lemon, Dolny and Sherman, 1983) and increases in the concentrations of 
amino acids such as alanine (Felig and Wahren, 1971). It has also recently been 
suggested that increases in plasma ammonia during endurance exercise also 
reflect increased protein metabolism (Maclean, Spriet, Hultman and Graham, 
1991). During prolonged submaximal exercise increases in plasma and muscle 
ammonia (NH3) have been reported (Graham, Pedersen and Saltin, 1987; 
Broberg and Sahlin, 1988; Broberg and Sahlin, 1989; Maclean et al., 1991). 
Resting concentrations are commonly reported between 20-40 umol-1 (Graham 
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et al., 1987; Broberg and Sahlin, 1988; Broberg and Sahlin, 1989; Maclean et al., 
1991). After 90 minutes of exercise at 75% V02 max Maclean and coworkers 
(1991) reported that plasma ammonia concentrations had increased to around 
70-80 umol. l-1 and progressively increased until exhaustion (Maclean et al., 
1991). This study concluded that the increases in ammonia production were a 
reflection of an increased oxidation of amino acids (Maclean et al., 1991) rather 
than an increased activity of the purine nucleotide cycle (PNC) (Broberg and 
Sahlin, 1 989). 
As yet there are no reports on the changes in plasma ammonia concentrations of 
wheelchair users during prolonged submaximal exercise. 
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2.7 Physiological and metabolic responses to, and performance 
characteristics of, brief high intensity exercise. 
It will be clear from the last section that whilst there is a considerable volume of 
literature on the physiological and metabolic responses of able-bodied athletes 
to prolonged submaximal exercise, this is not the case for individuals with a SCI. 
While there is little research in this area, even less has been directed towards 
brief high intensity exercise. The 3 studies which have been undertaken so far 
have only examined the performance characteristics of wheelchair athletes 
(Coutts and Stogryn, 1987; Lees and Arthur, 1988; Hutzler, 1991). This section, 
therefore, reviews studies on able-bodied athletes in the high intensity exercise 
area making reference to studies on wheelchair athletes where possible. 
Before proceeding it is worth pointing out that it is only recently that there has 
been an increase in the number of studies examining the physiological and 
metabolic responses of humans to brief high intensity cycling (Macdonald, 
Wootton, Munoz, Fentem and Williams, 1983; Wootton, 1984) and running 
exercise (Cheetham, Williams and Lakomy, 1985; Cheetham, Boobis, Brooks 
and Williams, 1986; Brooks, Burrin, Cheetham, Hall, Yeo and Williams, 1988; 
Nevill, Boobis, Brooks and Williams, 1989). While some studies on able-bodied 
subjects have assessed arm sprint performance (Ayalon, Inbar and Bar-Or, 
1974; Dotan and Bar Or, 1983; Patton and Duggan, 1985; Knapik, Daniels, 
Murphy, Fitzgerald, Drews and Vogel, 1990; Bogdanis, 1991), perhaps 
suprisingly, none of them have reported the physiological and metabolic 
responses to this type of exercise. The able-bodied studies reported in this 
section are therefore primarily concerned with leg rather than arm exercise. 
2.7.1 Laboratory tests used to examine sprint exercise. 
The development of a maximal intensity cycle ergometer test by Bar-Or, Dotan 
and Inbar (1977), offered a method of determining and monitoring power output 
during a maximal sprint. This has become known as the "Wingate test" and 
requires the subject to cycle at maximum speed against a predetermined load 
related to body weight for 30 seconds. The use of this test has become popular 
as a means of examining the physiological and metabolic responses to sprint 
cycling exercise in the laboratory (Macdonald et al., 1983; Boobis, Williams and 
Wootton, 1983; Wootton, 1984). More recently the development of a non- 
motorised treadmill running test has provided the opportunity to describe the 
physiological responses to sprint running (Cheetham et al., 1985; Lakomy, 1987). 
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While the focus of the research into high intensity exercise has been concerned 
with leg exercise, the Wingate test was also proposed as an appropriate protocol 
for examining the physiological responses to high intensity exercise with the 
arms (Ayalon et al., 1974; Dotan and Bar Or, 1983). While some studies have 
assessed arm sprint performance in this way (Ayalon et al., 1974; Dotan and Bar 
Or, 1983; Patton and Duggan, 1985; Knapik et al., 1990; Bogdanis, 1991; 
Hutzler, 1991) the physiological and metabolic responses to such a test have not 
been reported. 
Two laboratories have designed their own specific wheelchair ergometers and 
employed a similar test to the arm crank ergometer Wingate test as an 
alternative way of assessing sprint performance of wheelchair users (Coutts and 
Stogryn, 1987; Lees and Arthur, 1988). Both of these studies have reported 
values for the power output generated during the tests. However, recently, the 
conventional methods for the determination of power output have been 
questioned. Lakomy (1988) has identified two major factors for the correct 
measurement of power output. Firstly, instantaneous values of force and velocity 
are required, and secondly, account needs to be taken of the flywheel's moment 
of inertia. In the past many research papers have calculated power output 
ignoring anyacceleration involved. 
2.7.2 High intensity exercise performance characteristics 
A review of the literature indicates that most studies have usually assessed three 
performance characteristics. These are peak power output (PPO), mean power 
output (MPO) and the fall in power as a result of the test. 
Only one study has examined the power output generated by wheelchair 
athletes during a 30 second (s) Wingate test with the arms (Hutzler, 1991). This 
study examined the performance of 12 wheelchair basketball players. However, 
of the group, only 3 of the subjects used a wheelchair as their primary mode of 
locomotion. Power output was averaged every 5s and the mean power output 
(MPO) over the 30 s arm sprint recorded was 334.9 ±60.0 W. The peak power 
output (PPO) was 403.3 ±67.1 W. The decrease in power in 30 s was reported 
as 39%. 
Two studies have examined anaerobic performance of wheelchair athletes 
using wheelchair ergometers (WERG) (Coutts and Stogryn, 1987; Lees and 
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Arthur, 1988). Coutts and Stogryn (1987) studied the aerobic and anaerobic 
power of 6 wheelchair track athletes. The study used a WERG 30 s sprint. The 
ergometer allowed wheelchair athletes to achieve optimal performance. They 
found a greater decrease in power output during the 30 s sprint for 2 tetraplegic 
athletes. It was suggested that this may be due to a decrease in anaerobic 
energy supply or a more limited increase in aerobic energy over this time period. 
Of the two, the second reason was favoured due to the lack of sympathetic 
innervation which was suggested would have contributed to sluggish increase in 
active muscle blood flow and therefore oxygen delivery. The PPO generated by 
all the subjects ranged from 31 W to 148 W. Lees and Arthur (1988) also found 
similar low PPO and MPO values for a similar 30 s test on a wheelchair 
ergometer over a range of work loads. The highest MPO found for the group 6 
subjects was 127 W. These values are therefore much lower than the values 
found by Hutzler (1991) and less than other arm crank ergometer sprint studies 
which have employed able-bodied subjects (Dotan and Bar Or, 1983; Patton 
and Duggan, 1985; Knapik et al., 1990; Bogdanis, 1991). 
Most recently, Bogdanis (1991) has reported, for a group 9 physical education 
students who were not specifically trained for upper body exercise, a PPO of 
553.5 W and a MPO of 329.8 W for a 30 s arm crank Wingate test. The drop in 
power during the 30 s sprint was 61.9%. Peak blood lactate concentration 
following the arm test was 11.88 mmol. l-1. This is the only study of this type 
which has reported any metabolic data. 
Knapik and coworkers (1990) examined physiological factors in infantry 
operations and included a sprint test with the arms. The power output was 
averaged every 5s and the MPO for the group of 15 subjects was about 410 W 
with the PPO about 570 W. By comparison the same subjects performed a 
similar 30 s leg sprint and recorded a MPO of around 450 W and a PPO of 
around 650 W. 
Ayalon and coworkers (1974) also reported MPO generated by 15 untrained 
men during a maximal 30 s leg and arm test. For the leg test on a bicycle 
ergometer they selected a load of 40 g per kg body weight, whilst for the arm test 
they chose a load of 20 g per kg body weight. The MPO for the leg test was 
589.4 ±39.3 W and for the arm test was 303.0 ±29.7 W. 
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Dotan and Bar Or (1983) determined the optimal loads for eliciting maximal 
power outputs in the leg and arm modes of the 30 s Wingate Anaerobic Test. 
They investigated a variety of loadings and recorded the MPO achieved for each 
one, for 17 men and 18 women physical education students. They found that, for 
the men, the optimal load for the leg test was 5.13 J. rev-1. kg b. w. -1 with a 
maximal MPO of 615.5 W. For the females the optimal load for the leg test was 
5.04 3. rev-1. kg b. w. -1 with the maximal MPO 420.5 W. For the 30 s Wingate 
arm test the optimal load for the males was 3.52 J. rev -1. kg b. w. -1 with a 
maximal MPO of 349.9 W. For the women the optimal load for the arm test was 
2.82 J. rev-1. kg b. w. -1 with the maximal MPO 200.2 W. They also indicated 
that varying the load moderately (0.98 .. rev-1. kg b. w-1) had little effect on 
the MPO achieved with no more than 1.4% and 2.2% difference for the leg and 
arm test respectively. They also suggested that the optimal load may be modified 
by the individual body build, composition and anaerobic fitness level. 
Patton and Duggan (1985) have reported that there was no difference between 
the power outputs generated with arms by a group of biathletes and a group of 
untrained control subjects until the power output was related to body weight. 
Furthermore they reported a 16% greater decline in power output in control 
subjects. 
Nevill and coworkers (1989) have shown that treadmill sprinting performance 
was improved as a result of 8 weeks of sprint training. PPO increased from 606 
±36 W before training to 681 ±134 W after training for 8 subjects (4 men, 4 
women). In the same study the control group achieved a PPO of 576 ±112 W 
before and 565 ±93 W after training. The MPO of each group before and after the 
8 weeks training for the two groups were 378 ±76 W and 399 ±72 W for the 
training group, and 367 ±60 W and 383 ±61 W for the control group. Brooks and 
coworkers (1988) have reported similar peak power output (653.3 ±103 W) and 
mean power output (424.8 ±41.9 W) for a group of 10 male subjects for a similar 
30 s maximal treadmill running sprint. Recently, Itoh and Ohkuwa (1991) have 
reported a MPO of 627.0 ±27.8 W for a 30 s cycle ergometer sprint at a loading 5 
kp for 9 well trained male subjects which is similar to those values previously 
recorded during cycling Wingate tests (Macdonald et al., 1983; Wootton, 1984). 
Cheetham and coworkers (1986) found a peak power output of 534.4 ±85 W, 
with a MPO of 347 ±55.7 W and a decrease in power output of 50% over the time 
course of the treadmill sprint for a group of 8 female athletes. This result is 
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similar to that reported during sprint cycling (Wootton, 1984). These power 
outputs are similar to those achieved by women for a 30 s cycling sprint (Jacobs, 
Bar-Or, Dotan, Karlsson and Tesch, 1983). In this study the mean power output 
(440 ±60 W) of the women was lower than recorded by the men (604 ±50 W). 
When the MPO was corrected for body weight performance differences were 
reduced, although not removed. However, other studies have indicated that 
differences in high intensity exercise performance could not be explained in 
terms of body mass (Brooks, Nevill, Melegros, Lakomy, Hall, Bloom and 
Williams, 1990). 
2.7.3 Physiological and metabolic responses to brief high intensity 
exercise. 
As there are no studies reporting the physiological and metabolic responses of 
wheelchair users to brief high intensity exercise this subsection is only able to 
review studies on able-bodied athletes. 
(i) Heart rate. 
For able-bodied subjects heart rate has been shown to increase gradually 
during a 30 s running sprint on a non-motorised treadmill reaching maximum 
values during the last seconds of the test and during the first few seconds of 
recovery (Cheetham et al., 1986). 
(ii) Oxygen uptake. 
Oxygen uptake has been shown to increase during a 30 s maximal treadmill 
sprint (Nevill et al., 1989). During passive recovery oxygen uptake has been 
found to remain elevated for some time following sprint exercise. The amount of 
oxygen consumed in excess of the resting value during recovery has been 
referred to as oxygen debt which was originally thought to be due to lactate 
metabolism (Hill, Long and Lupton, 1924). Since this suggestion much debate 
has taken place with regard to what oxygen debt actually represents. Magaria, 
Edwards and Dill, (1933) identified two phases to the oxygen consumed during 
recovery. A fast phase which was hypothesised as being due to 
rephosphorylation of ATP and creatine phosphate (PCr) and a slow phase 
linked with lactate metabolism. It is now clear the situation is far more complex 
than this and the work of Bangsbo, Gollnick, Graham, Jeul, Kiens, Mizuno and 
Saltin, (1990) has shown that other factors influence oxygen uptake during 
recovery. These factors may include temperature (Chad and Wenger, 1986) 
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elevated catecholamine concentrations (Gaesser and Brooks, 1984), and 
restoration of the ionic balance across the muscle membrane (Sejersted, 
Medbo, Orheim and Hermansen, 1984). 
Despite the complexities, measurements of oxygen uptake during sprinting and 
recovery have been used to estimate the contribution of aerobic metabolism to 
sprinting (Serresse, Lortie, Bouchard and Boulay, 1988; Medbo and Tabata, 
1989). Studies measuring oxygen deficit have also estimated this contribution 
(Medbo, Mohn, Tabata, Bahr, Vaage and Sejersted, 1988). These studies have 
found that, for high intensity exercise of 30 s or less, aerobic metabolism does 
make a significant contribution, of between 20-40%, to energy provision during 
this type of exercise (Medbo et al., 1988; Serresse et al., 1988; Medbo and 
Tabata, 1989). During exercise of this nature and duration it is unlikely the 
contribution to energy provision will exceed this because the adjustment of 
ventilation, cardiac output and oxygen transport are relatively slow processes 
(Sahlin, 1986). 
(iii) Blood lactate concentration. 
The increases in blood lactate concentrations as a result of sprinting have 
always been considerable with peak values greater than 10 mmol. l-1 frequently 
reported (Itoh and Okhuwa, 1991). The extent of the increases may suggest that 
there is a large contribution from anaerobic glycolysis (Cheetham et al., 1985) 
for energy provision during sprinting with high correlations found between 
muscle and blood lactate observed (Cheetham et al., 1986). 
The blood lactate concentrations reported for treadmill sprinting have often been 
similar when groups of subjects with similar training status have been compared. 
Brooks and coworkers (1988) found that blood lactate increased to 13.5 
mmol. I-1 for a group of 10 active men following a 30 s treadmill sprint. Similarly 
Cheetham and coworkers (1986) report a mean value 13.1 ±2.8 mmol. l-1 for 8 
active women for the same test. Similar values have been found in a group 
comprising of men and women. In this respect Nevill and coworkers (1989) 
reported values of around 13 mmol. l-1. These values are higher than found 
during a 30 s cycling sprint. Itoh and Ohkuwa (1991) report a peak blood lactate 
concentration of 11.2 ±2.4 mmol. I-1 following a 30 s cycle sprint which is similar 
to that found by Macdonald and coworkers (1983). It has been suggested that 
such differences may be indicative of a greater muscle mass involvement in 
treadmill sprinting (Cheetham et al., 1985). 
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Sprinters have often been reported as having higher blood lactate 
concentrations than endurance trained athletes. Cheetham and coworkers 
(1985) reported that blood lactate concentrations 5 minutes after a 30 s treadmill 
sprint were 17.89 ±1.12 mmol. l-1 for sprint trained athletes and 14.49 ±1.79 
mmol. l-1 for endurance trained athletes. Cheetham and coworkers (1985) 
questioned whether this was simply a reflection of a better performance of the 
sprinters. However, it was subsequently found that even when blood lactate 
concentrations were expressed in terms of per metre run, the values of the 
sprinters were still higher than the endurance athletes. The reasons for this may 
relate to a greater percentage of fast twitch muscle fibres and an enhanced 
activity of glycolytic enzymes (Costill et al., 1976) or a greater aerobic 
contribution to the test for endurance athletes (Cheetham et al., 1985). 
During recovery the blood lactate concentrations have consistently been shown 
to be higher after 5 minutes than in the earlier stages of recovery (Cheetham et 
al., 1985, Cheetham et al., 1986; Brooks et al. 1988). Indeed, it has been 
reported that after a 30 s cycling sprint the peak blood lactate concentration 
occurs approximately 5 minutes post exercise (Macdonald et al., 1983; Wootton, 
1984). This suggests that, at this stage, the rate of appearance of lactate in the 
blood is greater than the rate of lactate removal. Blood lactate during recovery is 
removed from the blood by the liver, kidney, heart, brain and skeletal muscle and 
it s ultimate fate is oxidation via the citric acid cycle or gluconeogenesis via the 
Cori cycle. Recently Basset, Merrill, Nagle, Agre and Sampedro, (1991) have 
suggested that there is no difference between the rate of decline between 
trained and untrained subjects and that in the past the reason for differences 
found relates to inappropriate statistical analysis. 
(iv) Blood glucose concentration. 
Blood glucose concentrations have routinely been reported to increase as a 
result of sprint cycling (Macdonald et al., 1983) or sprint running (Cheetham et 
al., 1985; Cheetham et al., 1986; Brooks et al., 1988; Nevill et al., 1989). 
Cheetham and coworkers (1985) found that the blood glucose concentration 
peaked after 5 minutes with values of 6.28 mmol. l-1 and 5.62 mmol. l-1 recorded 
for sprint and endurance trained athletes respectively. These values are similar 
to other sprint running studies which have employed men (Brooks et at., 1988) or 
women (Cheetham et al., 1986) and, therefore, higher than reported for sprint 
cycling (Macdonald et al., 1983). Such differences have been suggested as 
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relating to a greater muscle mass involvement during treadmill sprinting 
(Cheetham et al., 1985). Lavoie, Bonneau, Roy, Brissin and Helle, (1987) 
suggest that liver glycogenolysis is responsible for the post-exercise increase in 
blood glucose after brief supramaximal exercise. The increased liver 
glycogenolysis may reflect the influence of exercise induced increases in 
catecholamine response which have been found to occur during sprinting 
(Macdonald et al., 1983; Brooks et al., 1988; Brooks et al., 1990). Cheetham and 
coworkers (1986) found a high correlation between blood glucose concentration 
and catecholamine concentration which may be an indication of the influence 
that catecholamines may have on hepatic glycogenolysis. It has been reported 
that adrenaline and noradrenline stimulate liver glycogenolysis directly (Naveri, 
Kuoppasalmi and Harkonen, 1985; Brooks et al., 1988) and indirectly stimulate it 
by enhancing the secretion of glucagon (Naveri et al., 1985). 
(v) Plasma Ammonia concentration. 
Recently there has been an increased interest in the role of ammonia 
concentrations following sprint exercise in the fatigue process. It is generally 
accepted that the ammonia produced as a result of sprint exercise originates 
from the deamination of AMP to IMP in the muscle (Broberg and Sahiin, 1989; 
Maclean et al., 1991). This reaction occurs via the purine nucleotide cycle and is 
catalysed by AMP deaminase (Lowenstein, 1972). Peak ammonia 
concentrations of between 130 umol. l-l and 140 umol. l-1 have recently been 
reported in cycling sprint exercise and were reported to be similar to other sprint 
exercise studies (Itoh and Ohkuwa, 1991). 
(vi) Plasma electrolytes. 
Several studies have reported large increases in plasma potassium 
concentrations as a result of sprint or high intensity exercise (Sejersted et al., 
1984; Sejersted and Medbo, 1989) with values as high as 8.0 mmol. I-1 recorded 
immediately post exercise (McKenna, Heigenhauser, McKelvie, Sutton, 
Macdougall and Jones, 1989). The return of plasma electrolytes to resting 
concentrations and therefore the restoration of the ionic balance across the 
muscle membrane occurs relatively quickly and has been suggested to be due 
to an increased Na+/K+ pump rate (Serjested et al., 1984). 
2.7.4 Metabolism during brief high intensity exercise. 
The power outputs generated during sprinting require that energy, in the form of 
ATP, is provided as fast as is possible. For example it has been estimated that 
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sprinting can cause as much as a 700 fold increase in the demand for ATP 
(Hultman, Spreit and Soderlund, 1987). If the power output generated in the 
early part of a sprint is to be maintained then ATP must be supplied as quickly as 
it is utilised. In an attempt to achieve this, the exercising muscles depend on the 
greatest rates of ATP resynthesis available to it. The rate at which ATP can be 
provided via oxidative metabolism is relatively slow because the adjustment of 
ventilation, cardiac output and oxygen transport are relatively slow processes 
(Sahlin, 1986). While aerobic metabolism is recognised as contributing to 
energy provision during sprinting, it is the production of ATP from anaerobic 
processes upon which the muscle primarily relies, because of the rate at which 
ATP can be provided. This occurs via the degradation of creatine phosphate 
(PCr) and through glycogenolysis (glycogen breakdown) resulting in lactic acid 
formation. 
Creatine phosphate (PCr) degradation appears to be of most importance during 
the first few seconds of increased energy demand (Gaitanos, 1990). To sustain 
the high rates of energy demand during sprint exercise glycogenolysis via 
anaerobic pathways is of major importance to energy provision (Saltin and 
Karlsson, 1971). Glycogen degradation via the anaerobic pathway results in 
lactate formation and produces 3 moles of ATP per glucosyl unit compared with 
the complete oxidation of glycogen which produces 37 moles of ATP. Anaerobic 
glycolysis is therefore a very inefficient way of producing ATP. However, ATP 
can be provided at a much faster rate than via oxidative pathways. While 
glyogenolysis via anaerobic pathways is important during sprint exercise the 
rate of breakdown is controlled (Newsholme and Start, 1973). Local factors 
within the exercising muscle and hormonal factors seem to be of importance in 
regulating the breakdown of muscle glycogen during sprint exercise by 
controlling the activity of the enzymes phosphorylase and PFK (Hargreaves and 
Richter, 1988). 
Muscular contraction itself is the initial stimulant for muscle glycogenolysis with 
the rate enhanced by high pre-exercise glycogen concentrations (Hargreaves 
and Richter, 1988). The release of Ca++ from the sacroplasmic reticulum, which 
initiates muscle contraction, results in the conversion of inactive phosphorylase 
b to active phosphorylase a (Newsholme and Start, 1973) thus promoting 
glycogenolysis. From this it may be expected that the rate of glycogenolysis 
would be increased by the frequency of contractions, however, this does not 
occur with a decrease in the active 'a' form of phosphorylase as muscular 
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contraction continues (Chasiotis, Sahlin and Hultman, 1982; Chasiotis, 
Bergstrom and Hultman, 1987). This may be due to a number of factors including 
the increase of metabolite concentrations within the muscle (Chasiotis, Sahlin 
and Hultman, 1983b) and indirectly the activity of adrenaline (Chasiotis and 
Hultman, 1985). 
In respect of the activity of adrenaline Chasiotis and Hultman (1985) showed that 
adrenaline infusion reduced the conversion of phyosphorylase a back to 
phosphorylase b which may indicate the need for adrenaline to maintain the 
active a form of phosphorylase and subsequently the glycogenolytic rate. 
However, whether adrenaline brings about muscle glycogenolysis is unclear. A 
number of studies have suggested that adrenaline enhances muscle 
glycogenolysis (Richter, Ruderman, Gavras, Belur and Galbo, 1982; Chasiotis, 
Brandt, Harris and Hultman, 1983a; Snow, Harris and Gash, 1985; Jansson, 
Hjemdahl and Kaijser, 1986; Spreit, Ren and Hultman, 1988). Chasiotis and 
coworkers (1983a) reported that beta blockade decreased the glycogenolytic 
rate during exercise at 115% V02 max. Furthermore, adrenaline infusion has 
been shown to increase the glycogenolytic rate (Spreit et al., 1988; Jansson et 
al., 1986). However, other adrenaline infusion studies have reported no change 
in the glycogenolytic rate (Chasiotis et al., 1982; Chasiotis, 1988). Whatever the 
case the increases in adrenaline consistently reported during high intensity 
exercise do appear to be beneficial to sprint performance (Macdonald et al., 
1983; Cheetham et al., 1986; Nevill et al., 1989; Brooks et al., 1990). 
Chasiotis and coworkers (1 983b) have indicated that the concentration of 
inorganic phosphate (Pi) in the muscle is also important in determining the rate 
of glycogenolysis. They reported that glycogenolysis was low when the 
concentrations of Pi were low even when the active form of phosphorylase was 
available as is the case after adrenaline infusion. This is supported by the 
finding that an increased PCr degradation, and thus increased Pi concentration, 
stimulated glycogenolysis (Chasoitis et al., 1982; Ren, Chasiotis, Bergstrom and 
Hultman, 1988). Similarly, various other metabolite alterations may influence the 
rate of muscle glycogenolysis by their effects on phosphorylase activity. In this 
respect a decreased pH has been shown to decrease the transformation of 
phosphorylase b to a (Danforth, 1965) as has an increase in the build up of 
glycolytic intermediates (Hultman, 1986). Meanwhile an increase in IMP and 
AMP has been suggested to activate phosphorylase b when phosphorylase a 
activity is low (Hargreaves and Richter 1988). Whatever the case, from this brief 
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overview, it should be evident that a number of factors will interact to influence 
the rate of muscle glycogenolysis during sprint exercise. 
From this section of the review it will be clear that there is little known about the 
physiological and metabolic responses of individuals with a SCI to brief high 
intensity exercise. This is, therefore, an area of study where research is required. 
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CHAPTER 3. 
3. GENERAL METHODS. 
The specific procedures of each study are reported in the relevant chapters. 
However, some of the methodology is common to several of the studies and is 
therefore reported in this chapter. 
Two forms of exercise were used in the studies described in this thesis. These 
were wheelchair treadmill exercise and arm crank ergometry. The first two 
sections of this chapter describe each exercise mode and how they were used. 
3.1 Wheelchair treadmill exercise. 
3.1.1 Motorised treadmill adapted for wheelchairs. 
The motorised treadmill (Woodway ELG2; speed range 0-7.00 m. s-1; elevation 
0-20% grade), used for the laboratory based tests in the first three studies, was 
originally adapted for wheelchairs by Lakomy and coworkers (1987). The system 
has been updated to accommodate the latest 3 wheel racing chairs. It differs 
from the first treadmill adaptation (Fig. 3.1) in that it has a central channel which 
allows the middle front wheel to run freely on the treadmill belt whilst still 
permitting chairs with 4 wheels to be used (Fig. 3.1). The treadmill adaptation 
allowed the subject's own "racing" wheelchair to be attached at position 1 which 
is a slider mechanism permitting freedom of movement both fowards and 
backwards but restricting movement in a sideways direction. A safety backstop 
mounted at position 2 prevented the wheelchair from travelling backwards off the 
treadmill belt if the athlete stopped pushing. These aspects of the system 
allowed the wheelchair athlete to push safely at race speeds. In addition to the 
main treadmill adaptation, a self select speed control mechanism mounted at the 
front of the treadmill (Fig. 3.1, position 3) allowed the athlete to increase and 
decrease the speed of the treadmill at will (Lakomy et al., 1987). This device 
meant that race conditions could be simulated in the laboratory. 
3.1.2 Computer system. 
The treadmill was interfaced with a Commodore microcomputer (Model CBM 
4032) which, in turn, was linked to a dual disk drive (Model 8050), and a printer 
(Epson FX-80). The system allowed the voltage of the treadmill to be logged via 
an analogue-to-digital (A-to-D) converter by the microcomputer. In the same way 
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Figure 3.1 The motorised treadmill wheelchair system. 
the voltage from a heart rate monitor (see Section 3.5) was logged using a 
second channel. The microcomputer was programmed to log treadmill speed, 
heart rate, distance covered ancpushtime. This information could be recorded 
and printed at pre-selected time intervals of either 15 or 30 s. 
3.1.3 Treadmill calibration. 
Before each study the treadmill was calibrated to confirm the authenticity of the 
treadmill's digital speedometer reading given on the front of the speed control 
panel. This was achieved by, firstly, determining the length of the treadmill belt 
and then the time taken for the belt to complete 50 revolutions at a range of 
speeds. The total distance covered in 50 revolutions at a given speed was 
divided by the time taken to cover 50 revolutions. This information was used to 
calculate the actual belt speed for the range of speeds selected. The speed 
values obtained were always similar to those displayed on the digital 
speedometer and therefore confirmed the validity and reliability of the treadmill 
speedometer on each occasion. 
3.1.4 Farniliarisation with wheelchair treadmill exercise. 
Prior to any wheelchair treadmill tests each subject underwent a thorough 
familiarisation procedure. As well as becoming familiar with wheelchair treadmill 
exercise the subjects became familiar with the general laboratory procedures 
and the requirements of the tests. 
3.1.5 Determination of peak oxygen uptake. 
Peak oxygen uptake (V02 pk) was determined during a continuous incremental 
test. Prior to the test the subjects followed their usual warm up procedures which 
were all submaximal in nature. The treadmill speed for this test was adjusted on 
the basis of previous visits to the laboratory and remained constant throughout. 
The exercise intensity was increased at 3 min intervals by an increase in treadmill 
gradient of 0.5% . Expired air was collected (see Section 3.6) for 60 s from 1 min 
45 s to 2 min 45 s of each exercise period. The test protocol was open-ended 
and continued until the subjects indicated that they could only continue the test 
for a further minute when a final collection of expired air was obtained. 
In order to assess the reproducibility of the V02 pk test protocol 8 wheelchair 
athletes completed the test on two occasions approximately one week apart. The mean 
V02 pk values were similar on both occasions (2.00 ±0.56 I. min-1 vs 1.95 ±0.52 
I. min-1; n. s). Those subjects who achieved the highest values on the first 
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occasion also did so on the second occasion (r=0.97). The reproducibility was 
also high for the other peak physiological characteristics measured 
(Appendix C. 1). 
In study 2 (Chapter 5) the determination of V02 pk was achieved employing a 
protocol which involved increasing the treadmill speed incrementally. For this 
test the treadmill remained horizontal and the speed of the treadmill, rather than 
gradient, was increased at 3 min intervals. The test protocol was open-ended 
and continued until the subjects indicated that they could only continue the test 
for a further minute, when a final collection of expired air was obtained. 
The reproducibility of the speed test protocol for the determination of V02 pk was 
investigated using 10 subjects who completed the test on two occasions, 
mean 
approximately a week apart. Thevu2 pk values were similar on each occasion 
(1.70 ±0.39 I. min-1 vs 1.74 ±0.35 I. min-1; n. s) and those subjects who achieved 
the highest values on the first occasion also did so on the second occasion 
(r=0.99). The reproducibility was also high for the other peak physiological 
characteristics measured (Appendix C. 2). 
The gradient and speed test protocols used for the determination of V02 pk were 
also compared. A group of 10 wheelchair athletes performed both protocols 
approximately one week apart. The results showed that those athletes who 
achieved the highest V02 pk values for the gradient protocol also did so for the 
speed protocol (r=0.98). However, the V02 pk achieved for the gradient test was 
higher than that achieved for the speed test (1.83 ±0.48 I. min-1 vs 1.75 ±0.44 
I. min-1; p<0.05). The other peak values were similar on each occasion 
(Appendix C. 3). 
3.1.6 Submaximal incremental tests. 
On the first visit to the laboratory, after the familiarisation sessions, four 
submaximal treadmill speeds were selected for each subject. Each subject 
exercised for four minutes at each speed. Subjects were therefore working 
continuously for 16 min. Expired air was collected for 60 s during the last minute 
of each four minute period. The results of this test enabled the relationship 
between oxygen uptake and submaximal exercise intensities to be determined. 
From the information derived from this test and the V02 pk test the treadmill 
speeds equivalent to 60%, 70%, 80% and 90% V02 pk were calculated for each 
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subject. Each subject exercised at each of these intensities for four minutes. As 
with the previous submaximal test expired air was collected for 60 s during the 
last minute of each four minute period. Immediately following each expired air 
collection the subject stopped exercising and a small capillary blood sample (20 
µl) was obtained from the subject's ear lobe for the determination of blood 
lactate concentration (see Section 3.8). As soon as the sample had been 
obtained, which took approximately 15 s, the subject commenced pushing again 
at the next speed. In both submaximal tests heart rate was monitored (see 
Section 3.5) continuously. 
The reproducibility of oxygen uptake measurements during submaximal 
wheelchair treadmill exercise was examined in a group of 6 subjects on different 
days. For each test, oxygen uptake was determined at four submaximal speeds 
for each subject. The speeds selected for each subject were not necessarily the 
same and ranged from 2.5 m. s-1 to 5. m. s-1. Each subject repeated the same test 
approximately one week later. The mean difference between the paired 
observations was 0.04 ±0.03 I. min-1 or 3.7 ±2.1%. The correlation between the 
paired observations was 0.9. The individual results are presented in 
Appendix C. 4. 
3.2. Arm crank ergometry. 
3.2.1 Arm crank ergometer. 
For the final study a wall mounted arm crank ergometer (Monark Rehab Trainer, 
Model 881) was used. This arm crank ergometer (ACE) was similar in design to 
a Monark cycle ergometer (Model 864), being mechanically braked by a belt 
passing around the wheel rim. The resistance was increased through a 
tensioning cylinder and spring. The tension applied to the belt was displayed on 
an indicator attached to the belt. For each test, the subject was seated so that 
when the hand grip had reached its maximum horizontal displacement the arm 
was slightly flexed at the elbow. 
3.2.2 Computer system. 
The arm crank ergometer was interfaced with a microcomputer (BBC, Model B). 
A small D. C. generator (R. S Components Ltd. ), driven by the flywheel of the arm 
crank ergometer, produced a voltage proportional to the speed of the flywheel. 
The voltage was then logged via an internal analogue-to-digital (A-to-D) 
converter by a microcomputer (BBC, Model B). The microcomputer was 
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programmed to log corrected power output, work performed and pedal 
revolutions during exercise and was recorded at pre-selected time intervals. This 
information was printed out on an adjacent printer (Epson FX-80). The 
calculation of corrected power output and the specific developments of the 
methodology for determination of power output have been described elsewhere 
(Lakomy, 1988). 
3.2.3 Arm crank ergometer calibration. 
The arm crank ergometer was calibrated by, firstly, calculating the relationship 
between flywheel speed and voltage output from the generator to the A-to-D 
converter. After a warm up period of 5 min, flywheel revolutions were counted for 
approximately two minutes at 65 pedal revolutions per minute (rpm). Logging the 
A-to-D reading was started and stopped at the same time as pedalling. The 
average A-to-D reading was equated with the average speed of the flywheel and 
a conversion factor was obtained and stored on computer disc for retrieval. 
The second part of the calibration procedure required the generation of a set of 
deceleration curves. These curves were obtained by pedalling at a rate greater 
than 105 rpm against a series of known frictional loads (0.5 kg, 1.0 kg, 1.5 kg, 2.0 
kg and 3.0 kg) and recording the deceleration phase from the point at which 
pedalling stopped. When the deceleration data were plotted against load a 
linear regression equation was obtained and used to calculate the acceleration 
of the flywheel for a known resistive load (Lakomy, 1988). The correlation 
coefficient for the regression line was calculated by the computer and an r2 
value of less than 99% was rejected and the entire procedure repeated. 
3.2.4 Familarisation with arm crank ergometry. 
Each subject was fully familiarised with arm crank ergometry, the requirements 
of each test to be undertaken and the procedures to be used at the laboratory. 
3.2.5 Arm crank ergometer sprint test. 
(i) Sampling Time. Continuous sampling of flywheel speeds during exercise 
means that it is possible to collect data over an average interval as small as 
0.1 s. However, it has been shown that the selection of sampling interval is of 
importance (Cheetham 1987; Lakomy 1988). In accordance with the 
suggestions of these studies a1s sampling interval was selected to examine the 
power profiles generated by subjects. 
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(ii) Loading. The loading selected for the 30 s sprint test was initially set to 60 
g. kg-1 body weight. However, pilot work indicated that one group (TK2, see 
Section 3.3) found it extremely difficult to accelerate a load of 60 g. kg-1 body 
weight. On the basis of these preliminary studies a load of 30 g. kg-1 body weight 
was selected for this group. 
(iii) Test retest reliability. The reproducibility of the 30 s arm sprint test 
protocol was examined for 10 wheelchair athletes who completed two 30 s 
sprints on separate days following the familiarisation procedure. The results 
showed that the test protocol was highly reproducible (Table 3.1). The individual 
results are presented in Appendix C. 5. 
3.2.6 Determination. of peak oxygen uptake. 
The "02 pk test was similar to that previously described for wheelchair treadmill 
exercise (see Section 3.1.5). However, for this test the load applied remained 
constant and the crank rate increased at 3 min intervals. The test protocol was 
open ended and continued until the subjects indicated that they could only 
continue the test for a further minute when a final collection of expired air was 
obtained. The load selected for each subject was based on information gathered 
from the familiarisation sessions. 
3.2.7 Submaximal incremental tests. 
These tests were similar to those previously described for wheelchair treadmill 
exercise (see Section 3.1.6). However, for these tests the load remained 
constant and an increase in exercise intensity was achieved by an increase in 
the cranking rate. 
3.3 Subjects and laboratory procedures. 
The specific details of the subjects who volunteered for each study are described 
in the relevant chapters. However, there were some common characteristics of 
the group of subjects employed in each study. There was a wide range of lesion 
levels within the group employed for each study. In addition the individuals 
varied in terms of aetiology, age, and length of time since the onset of spinal 
cord injury. All the subjects competed in endurance races and in a variety of 
other wheelchair sports. They all followed regular but varied training 
programmes. The subjects ranged in standard from those competing at 
international level to those who compete at a recreational level. Appendix D. 1 
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presents the above information for each wheelchair athlete who took part in 
these studies. 
In a number of the studies reported in this thesis the subjects are grouped 
according to the Paralympic racing classification system (Fig. 1.1; Appendix A. 1). 
In this thesis 3 categories are represented. These are the TK2, TK3 and TK4 
racing classes. The TK2 racing class includes individuals with a SCI in the 
cervical area (above T1) often referred to as tetraplegics. The TK3 racing class 
comprises of paraplegics with a SCI in the upper thoracic area (T1-T7). The TK4 
racing class is made up of individuals with a lesion below T7. 
Before a subject agreed to take part in any of the studies reported in the thesis 
details of the study and the reasons for it were sent to them. If a prospective 
subject was interested in participating in a study then a visit to the laboratory was 
arranged. On this visit all the experimental procedures were explained to the 
subjects and written informed consent was obtained from each subject. The visit 
also acted as a screening process for the suitability of subjects. In this respect 
subjects were asked about their health status. Having completed these 
formalities the subject was encouraged to undertake the first part of the 
familiarisation procedure. During the familiarisation process subjects 
experienced the procedures to be employed during the testing sessions. Only 
when the subject was comfortable with the procedures to be employed was a 
date arranged for the first test. The subject was free to withdraw from a study at 
any time. The procedures used in each study were approved by the University 
Ethical Committee. 
3.4 Preliminary measurements. 
3.4.1 Blood pressure. 
The standard method of manual blood pressure measurement was used. 
3.4.2 Lung function. 
Lung function was measured using a spirometer (Vitalograph). A chart was 
placed in position and the pen placed on zero. A disposable mouthpiece was 
attached to the front of the spirometer. The subjects wore a noseclip, inspired 
maximally before exhaling as hard as possible into the mouthpiece. Exhaling 
drove the carriage of the vitalograph. The subject continued to exhale until the 
carriage came to a stop after 6 s. Each subject had three attempts and the 
highest value recorded as forced vital capacity (FVC). 
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3.4.3 Anthropometric measurements. 
1. Weight. 
Subject weight was recorded using a beam balance (Avery Ltd., Model 3306 
ABV) adapted for individuals with a spinal cord injury. The adaptation was a 
chair mounted on the scales which subjects transferred into from their 
wheelchairs. All subjects were weighed in their racing clothing having 
evacuated their bladders. 
2. Anthropometric markings. 
(i) Mid upper arm marking. The arm was flexed at 900, the distance 
between the acromium and olecranon was measured and a mark made midway 
between the two. This was used for the location of the upper arm circumference, 
and biceps and triceps- skinfolds. 
(ii) Mid lower arm marking. The arm was flexed at 900, the distance 
between the olecranon and styloid process of the ulna was measured and a 
mark made between the two. This was used for the location of the lower arm 
circumference. 
3. Upper body circumferences. 
A flexible steel tape (Holtain Ltd. ) was used for the measurement of three upper 
body circumferences. These circumferences were the chest, upper arm and 
lower arm. The measurements were made according to the specifications of 
Durnin and Wo mersley (1974). 
(i) Chest circumference. This was measured horizontally, at nipple level. 
The arms were raised to allow the tape to be passed around the trunk, and 
lowered once it was in position. The measurement was taken during light 
respiration, in mid inspiration. 
(ii) Upper arm circumference. This was measured at the level of the mid 
upper arm marking with the arm relaxed and hanging beside the body, and the 
hand supinated. The tape was passed around the arm from left to right, and the 
hands exchanged so that the tag was in the left hand and above the rest of the 
tape. The tape was held horizontally, tautened so that it made firm contact with 
the skin but did not compress the tissue. 
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(iii) Lower arm circumference. This was measured at the level of the mid 
lower arm marking with the arm relaxed and hanging beside the body, and the 
hand supinated. The tape was passed around the arm from left to right, and the 
hands exchanged so that the tag was in the left hand and above the rest of the 
tape. The tape was held horizontally, tautened so that it made firm contact with 
the skin but did not compress the tissue. 
4. Skinfold thicknesses. 
A Harpenden skinfold caliper (Holtain Ltd. ) was used for the measurement of 
skinfold thickness. Measurements were taken from four sites on the body. These 
sites were the biceps, triceps, subscapular, and suprailiac in accordance with 
the specifications of Durnin and Womersley (1974). 
The skinfold was lifted between the thumb and fingers of the left hand, so that the 
two layers of fat were parallel, and the calipers applied, and left in position for 
five seconds, to allow the reading to stabilise. This was repeated to obtain a 
consistent reading. 
(i) Biceps skinfold. This was measured with the arm relaxed by the subject's 
side, with the palm facing foward. The skinfold was measured on the anterior of 
the arm, over the belly of the triceps, at the level of the mid upper arm marking. 
(ii) Triceps skinfold. The arm remained in the same position as for the biceps 
skinfold, and the measurement made on the posterior of the arm. 
(iii) Subscapular skinfold. The subject sat with shoulders relaxed, and 
arms by his sides. The inferior angle of the scapula was located and the skinfold 
lifted obliquely below this. 
(iv) Suprailiac skinfold. This was measured vertically, just above the iliac 
crest, on the mid-axillary line. 
3.5 Heart rate monitoring. 
During the treadmill tests heart rates were monitored continuously on a Rigel 
oscilloscope (Rigel, Model 302) from 3 chest electrodes (3M UK Ltd., Type 
2255). The first of these electrodes was placed at the top of the sternum and the 
remaining two being placed at either side of the rib cage approximately 15 cm 
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below the level of the first rib. A fourth electrode was situated on the right 
shoulder and acted as an earth in order to improve the signal by removing static 
electricity generated by wheelchair exercise on the treadmill. Before placement 
skin surface oils were removed from the skin with a medi swab (70% isopropyl 
alchohol; Phar . max). 
The skin was abraded to remove dead epidermal cells 
and ensure a good contact with the electrode jelly. After placing theelectrodesin 
position they were further secured with tape (Blenderm 3M). The oscilloscope 
was interfaced with a microcomputer (CBM 4032) and heart rates were 
automatically recorded at chosen regular intervals as previously described (see 
Section 3.1.2). 
During the arm crank ergometry (ACE) tests and during races heart rates were 
monitored by telemetry (Sports Tester PE 3000) and digitally stored on a 
microchip within the receiver, a spot reading being recorded every 5 or 15 s as 
pre-selected. The data was later transferred from the receiver memory to a 
microcomputer (BBC, Model B) and a permanent copy of the heart rates printed 
out. 
3.6 Expired air collection and analysis. 
3.6.1 Expired air collection. 
Expired air was collected with the subject wearing a noseclip (Harvard 
Equipment) and breathing through a rubber mouthpeice (Harvard Equipment) 
into a low resistance respiratory valve (Jakeman and Davies, 1979). Lightweight 
smooth bore tubing (Falconia ducting; 4.0 cm diameter 165.0 cm long) 
connected the respiratory valve to a two-way tap (Harvard Equipment) which was 
used to open and close a 150 litre capacity Douglas bag (Harvard Equipment). 
3.6.2 Expired air analysis. 
(i) Oxygen analysis. The oxygen (02) content in the expired air was analysed 
using a paramagnetic oxygen analyser (Sybron; Taylor Servomex, Model 570A). 
The digital read out was accurate to 0.1 %. 
(ii) Carbon dioxide analysis. The carbon dioxide content (C02) in the 
expired air was analysed using an infra-red carbon dioxide analyser (Mines 
Safety Appliances Ltd.; Lira Model 303). The meter reading displayed by the 
analyser was in an analogue form and was converted to a percentage of carbon 
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dioxide through use of a calibration curve supplied by the manufacturer and 
unique to the analyser. 
(iii) Gas volume meter. The volume of expired air was determined by 
evacuating each Douglas bag with an electrically operated vacuum pump 
(Moulinex 237) through a dry gas meter (Parkinson Cowan Ltd., 1 revolution= 50 
litres). The meter was calibrated using a 600 I Tissot Spirometer (Collins Ltd. ). 
As expired air was removed from each Douglas bag the temperature was 
measured on an electrical thermometer (Edale Instruments Ltd., Model C). At the 
time of each analysis barometric pressure was measured using a wall mounted 
Fortin barometer (Gallenkamp Ltd. ). 
3.7 Perceived rate of exertion. 
During expired air collections subjects were often required to indicate their 
perceived rate of exertion. This was achieved using 6-20 rating scale devised by 
Borg (1973). 
3.8 Blood collection, treatment and analysis. 
Venous blood samples (10 ml) were obtained from an antecubital vein. A 1.5 ml 
aliquot of venous blood was dispensed into a heparinised plastic tube, which 
was immediately centrifuged for 15 min (Eppendorf centrifuge, Model 5414). The 
plasma was then removed and stored at -20°C and later analysed for sodium 
and potassium concentrations by flame photometry (Corning, Model 435). The 
majority of the blood sample was placed into a tube containing lithium heparin to 
prevent coagulation. Samples (20 µl) were taken from the tube using calibrated 
micro-pipettes (Acupette Pippettes, Scientific Industries Ltd), mixed with 5.0 ml of 
Drabkins Reagent (Boehringer Mannheim GmbH), and the haemoglobin 
concentration determined photometrically (Eppendorf photometer, Model 1101) 
using the cyanomethaemoglobin method (Boehringer Mannheim GmbH). 
Triplicate 20 µl samples of venous blood were also collected in heparinised 
capillary tubes and plugged using miniseal clay blocks (Scientific Industries Ltd). 
These samples were spun in a microhaematocrit centrifuge (Hawksley) for 15 
min, enabling packed cell volume to be determined using a micro-haematocrit 
reader (Hawksley). From the pre- and post-exercise haemoglobin and 
haematocrit values changes in plasma volume were calculated (Dill and Costill, 
1974). 
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The rest of the blood sample was centrifuged at 6000 rpm for 15 min at 3°C 
(Koolspin uP, Burkard Ltd. ). A 200 p1 aliquot of the resulting plasma was then 
removed and stored at -70°C. This sample was used to determine the ammonia 
concentration (Boehringer Mannheim GmbH). This assay was performed within 
48 hours of collection of the blood sample. The pre-exercise sample was also 
analysed for total cholesterol concentration (Boehringer Mannheim GmbH) at a 
later date. The remainder of the plasma was stored at -20°C and later analysed 
fluorimetrically (Locarte, Model 8-9) for glycerol concentration (Laurell and 
Tibbling, 1966) and photometrically (Eppendorf photometer, Model 1101) for free 
fatty acid (FFA) concentration (Chromy, Gergel, Voznicek, Krobholzova & Musil, 
1977), and urea concentration (Boehringer Mannheim GmbH). 
Duplicate 20 . tI capillary blood samples were deproteinized in 200 µl of 2.5% 
perchloric acid, centrifuged (Eppendorf centrifuge, Model 5414) and frozen at - 
20°C. At a later date these samples were analysed fluorimetrically (Locarte, 
Model 8-9) for blood lactate concentration (Maughan, 1982) and photometrically 
(Eppendorf photometer, Model 1101) for blood glucose concentration (Werner, 
Rey & Weilinger, 1 970). 
The full details of each assay procedure are reported in Appendices E. 1 to E. 8. 
3.9 Statistical methods. 
The descriptive statistics reported in the text and the tables refer to group means 
and standard deviations (±S. D). The strength of a relationship between two 
variables was evaluated using the Pearson Product Moment correlation 
coefficient. Table 3.2 gives a descriptive interpretation of the range of correlation 
coefficients. When prediction of specific values was required from the 
relationship between two variables simple linear regression was used. A 
Student t-test was employed for testing the significance of the difference 
between two means using the appropriate test for correlated or independent 
means. Analysis of variance (ANOVA) techniques have also been used to test 
differences between the means of several groups of scores. In this thesis one 
way analysis of variance for correlated means and repeated measures and two 
way analysis of variance with repeated measures have been employed where 
appropriate. When statisical differences were revealed using an ANOVA 
technique, then the post-hoc Scheffe test was used to identify where the 
differences were. Where appropriate the results from the various statistical 
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analyses were tested for statistical significance at the 0.05 and 0.01 levels. The 
statistical methods used are described by Cohen and Holliday (1983). 
Table 3.2 A description of correlation coefficients 
(after Cohen and Holliday, 1983). 
correlation coefficent (r) meaning 
0.00 to 0.19 a very low correlation 
0.20 to 0.39 a low correlation 
0.40 to 0.69 a modest correlation 
0.70 to 0.89 a high correlation 
0.90 to 1.00 a very high correlation 
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CHAPTER 4. 
4. PHYSIOLOGICAL CHARACTERISTICS AND ENDURANCE 
PERFORMANCE OF WHEELCHAIR ATHLETES. 
4.1 Introduction. 
Many running studies have shown that athletes are capable of utilising a large 
fraction of their V02 max throughout an endurance race. A number of these 
studies have used the results of submaximal laboratory tests to predict the 
oxygen cost and % "02 max during endurance races (Costill and Fox, 1969; 
Davies and Thompson, 1979; Williams and Nute, 1983; Ramsbottom et al., 
1987). Other studies have measured the physiological and metabolic responses 
occurring under race conditions over endurance distances (Costill, 1970; 
Ramsbottom, Williams, Kerwin and Nute, 1992). 
Many studies have also examined the relationships between various 
physiological characteristics of runners and their performances during 
endurance races. Physiological factors which have been suggested to be of 
benefit to endurance performance include: the possession of a large V02 max 
(Saltin and Astrand, 1967; Costill et al., 1973; Ramsbottom et al., 1987); the 
ability to utilise a high proportion of the V02 max during a race (Costill et al., 
1971); the proportion of slow twitch fibres in the active muscle mass (Costill et 
al., 1976); running economy (Conley and Krahenbuhl, 1980; Farrell et al., 1979); 
the rate of accumulation of blood or plasma lactate (Farrell et al., 1979; Sjödin 
and Jacobs, 1981; Sjödin and Schele, 1982; Willams and Nute, 1983). 
Endurance racing is increasingly popular with wheelchair users, some of whom 
achieve high standards of performance. For example, the current wheelchair 
marathon record is 1 hr 27 min 51 s. Despite this, there is little known about the 
physiological characteristics of wheelchair athletes competing regularly in 
endurance races or the physiological responses occurring during endurance 
events. In this respect only heart rate has been monitored (Asayama et al., 1984; 
Asayama et al., 1985; Lakomy et al., 1987). In addition, only one study has 
attempted to identify physiological characteristics which may be of importance 
for success in wheelchair endurance races (Lakomy et al., 1987). While this 
latter study served as useful preliminary work the number of subjects employed 
was small and the race distance was only 5 km, which is not a common racing 
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distance for wheelchair athletes. The 10 km road race is a much more common 
and popular endurance event, however, there is currently no physiological 
information on wheelchair athletes participating in races over this distance. 
The aims of the present study were therefore (a) to describe and examine the 
physiological characteristics of wheelchair athletes of different lesion level 
(racing class) competing regularly in endurance races in the United Kingdom; 
(b) to examine the relationships between various physiological characteristics 
and endurance performance of wheelchair athletes; (c) to describe and examine 
some of the physiological responses of wheelchair athletes during a 10 km 
treadmill time trial. 
4.2 Methods. 
4.2.1 Subjects. 
Twenty seven wheelchair athletes volunteered to participate in the study which 
required the subjects to complete a series of preliminary tests and compete in 
the 1990 Loughborough 10 km road race. Nineteen of these athletes also 
competed in the 1990 London marathon which took place 2 weeks after the 
Loughborough 10 km road race. A subgroup of 18 subjects also volunteered to 
complete a 10 km treadmill time trial. 
A summary of some of the personal and training characteristics of the group of 
athletes in this study are shown in Table 4.1. In the results section the 
wheelchair athletes are often grouped according to the Paralympic racing 
classification system (see Section 3.3). As there were only a small number of 
tetraplegics (TK2 racing class) in the study the results of this group are only 
described. The reason for the sample size of this group was that there are only 3 
tetraplegics who compete regularly in endurance races. Table 4.1 also provides 
the personal and training information for the athletes when they had been 
grouped according to wheelchair racing class. Specific details for each subject 
are shown in Appendix D. 1. 
4.2.2 Preliminary tests. 
After being fully familiarised with wheelchair treadmill exercise a series of 
preliminary measurements were made. For each subject resting blood pressure 
was determined, lung function assessed, and a series of anthropometric 
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measurements made as described in Chapter 3. Prior to the performance tests 
the subjects also undertook a series of preliminary treadmill tests which included 
the determination of (a) V02 pk; (b) the oxygen cost at submaximal propulsion 
speeds; (c) the relationship between blood lactate concentration and propulsion 
speeds. The protocols for these treadmill tests were also described in Chapter 3. 
4.2.3 10 km Road race: Loughborough 10 km. 
The Loughborough 10 km road race took place on April 8th 1990 and was part 
of the British Wheelchair Roadracers Association (BWRA) Grand Prix series. The 
race was also regarded of importance because it was the last major race before 
the London marathon which took place 2 weeks later. Of the 34 wheelchair 
athletes who entered the race 27 had completed the preliminary laboratory tests. 
The course was regarded as being "fairly flat and fast" by the wheelchair 
competitors. The race began at 10 am and all the competitors completed the 
course. For a small group of subjects heart rate was monitored during the race 
by telemetry. 
4.2.4 London marathon 1990. 
This race took place on April 26th 1990. Of the finishers 19 had completed the 
preliminary laboratory tests. 
4.2.5 10 km Treadmill time trial. 
On the morning of the test each athlete arrived at the laboratory in a rested state 
and at least 4 hours after their last meal. After resting quietly, for at least 10 
minutes, duplicate 20 µl capillary blood samples were obtained from the ear 
lobe. Subjects were weighed and 4 chest electrodes positioned for monitoring 
heart rate (see Section 3.5). After these preparations each subject followed their 
usual warm up procedures on the treadmill. 
Each of the 18 subjects was encouraged to record their fastest possible 
performance time. The test started with the motorised treadmill rolling at constant 
belt speed of 3.5 m. s-1. The individuals then used a speed controller to increase 
or decrease the pace as appropriate during the 10 km treadmill time trial. Four 
expired air collections were obtained (see Section 3.6) during the time trial after 
1500 m, 3000 m, 6000 m, and 9000 m. Heart rate was continuously displayed 
with a spot reading of heart rate, treadmill velocity and distance recorded every 
15 s during the performance test. Five minutes after the end of the test duplicate 
20 p1 capillary blood samples were obtained from an ear lobe for the 
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determination of blood lactate concentration as described in Chapter 3 (see 
Section 3.8). 
4.3 Results. 
The results have been grouped under the following headings: 
4.3.1 Physiological characteristics; 4.3.2 Relationships between physiological 
characteristics and endurance performance; 4.3.3 Responses to a 10 km 
treadmill time trial. 
4.3.1 Physiological characteristics. 
The lung function and resting blood pressure measurements for the group of 
wheelchair athletes who competed in the Loughborough 10 km road race 
(LRR: 1 Okm (n=27)) are shown in Table 4.2. When the subjects were grouped 
according to racing class (TK2 (n=3); TK3 (n=12); TK4 (n=12)) there appeared to 
be a tendency for a higher FVC and FEV1 in the group with the lowest lesion 
level athletes (TK4) (Fig. 4.1). Despite this tendency, when the two paraplegic 
racing classes (TK3 and TK4) were compared no differences existed. The 
resting blood pressures (Systolic pressure / Diastolic pressure) of the two 
paraplegic racing classes were 133 ±12 / 85 ±12 mm Hg for the TK3 class and 
128 ±11 / 83 ±12 mm Hg for the TK4 class (n. s). The resting blood pressure of 
the TK2 racing class was 108 ±16 / 61 ±14 mm Hg. 
The anthropometric characteristics of the group in the LRR: 10km are shown in 
Table 4.3. There were a wide range of values for each anthropometric 
measurement. When the group were divided according to the Paralympic racing 
classification system the tetraplegic group (TK2) appeared to have smaller upper 
body circumferences than the paraplegic groups (Table 4.3). There were no 
differences between the paraplegic racing classes for any of the anthropometric 
measurements made. 
The physiological characteristics and performance times of the group of 
wheelchair athletes involved in each race (i. e. Loughborough 10 km road race 
(LRR: 1 Okm); London marathon 1990 (LM: 1990); Treadmill 10 km (TM: 1Okm)) are 
shown in Table 4.4. In the group with the largest number of subjects (LRR: 1 Okm; 
n=27), the V02 pk values ranged from 1.13 - 3.14 I. min-1 with a mean (±SD) 
value of 2.11 ±0.53 I. min-l. When this group (LRR: 1 Okm) were divided according 
to the Paralympic racing classification system the tetraplegic group (TK2, n=3) 
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appeared to have lower peak V02, heart rate, and ventilation values than the 
two paraplegic racing classes (TK3, n=12; TK4, n=12) (Fig. 4.2). In addition there 
appeared to be a tendency towards higher peak cardiorespiratory responses in 
the racing class with the lowest lesion level athletes (TK4) (Fig. 4.2). Despite this, 
when the paraplegic groups were compared no differences were found. Similar 
findings existed for the wheelchair groups involved in the London marathon 
1990 (LM: 1990) and the 10 km treadmill trial (TM: 10km) respectively (Table 4.5). 
There were a wide range of performance times for each race (Table 4.4). For the 
LRR: 10km the fastest time was 26.87 min and the slowest time was 47.66 min 
with a mean performance time of 33.95 ±5.79 min. When the subjects were 
grouped according to the Paralympic racing classifcation system there was no 
difference between LRR: 1 Okm performance times of the paraplegic racing 
classes while the tetraplegic group appeared to record a slower performance 
time (Table 4.5). This finding was also evident for the LM: 1990 and the TM: 1 Okm 
(Table 4.5). 
For the group of wheelchair athletes (n=18) who completed both the LRR: 10km 
and TM: 10km there was no difference between the mean performance times 
(LRR: 1 Okm 35.62 ±5.77 min vs TM: 1 Okm 34.60 ±5.72 min; n. s). Furthermore, the 
mean heart rate of a subgroup of 5 subjects during the LRR: 10km was 173 ±3 
b. min-1 and during the TM: 10km was 172 ±5 b. min-1. The heart rate responses 
during the 10 km performance tests of this group are shown in Figure 4.3. It was 
also found that those athletes who achieved the best times for the LRR: 10km 
also did so for the TM: 1 Okm (Fig. 4.4; r=0.91; p<0.01) and the LM: 1990 (Fig. 4.5; 
r=0.89; p<0.01). 
4.3.2 Relationships between physiological characteristics and 
endurance performance. 
For each race the correlation coefficient found for the relationship between V02 
pk and performance time for the whole group was modest (Table 4.6). The 
highest correlation recorded was r=-0.69 (p<0.01) between V02 pk and 
LRR: 1 Okm (Fig. 4.6). When the paraplegic racing classes were considered 
separately the correlations between V02 pk and LRR: 10km time were r=-0.73 
(p<0.01) and r=-0.61 (p<0.05) for the TK3 and TK4 racing class respectively (Fig. 
4.6). 
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Figure 4.2 Physiological characteristics of each wheelchair racing class 
in the Loughborough 10 km road race (LRR: 10km; n=27) (mean ±SEM). 
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TK2 TK3 TK4 
Racing class 
TK2 TK3 TK4 
Racing class 
TK2 TK3 TK4 
Racing class 
Table 4.5 Physiological characteristics and performances of the wheelchair racing 
classes i n each race (mean ±SD). 
Age Weight V02 pk V02 pk VE pk HR pk R Time Speed 
j (yr) (kg) (1/min) (ml/kg/min) (1/min) (bt/min) (min) (m/s) 
LRR: 10km (n=27) 
TK2 (n=3) 34 67.5 1.28 19.1 48.36 112 1.06 40.29 4.23 
±8 ±3.2 ±0.16 ±3.1 ±6.06 ±4 ±0.05 ±7.29 ±0.77 
TK3 (n=12) 30 66.9 2.10 31.7 78.59 190 1.12 33.66 5.04 
±6 ±7.7 ±0.43 ±6.3 ±17.05 ±9 ±0.05 ±5.82 ±0.80 
TK4 (n=12) 27 64.8 2.32 35.9 90.04 200 1.10 32.66 5.19 
±7 ±9.5 ±0.50 ±5.5 ±21.78 ±9 ±0.04 ±4.77 ±0.67 
LM: 1990 (n=19) 
TK2 (n=2) 39 65.7 1.36 20.7 50.88 111 1.04 172.13 4.11 
±1 ±0.5 ±0.13 ±2.2 ±5.95 ±4 ±0.06 ±17.68 ±0.42 
TK3 (n=9) 31 65.0 2.09 32.4 80.42 191 1.11 168.95 4.3 
±6 ±6.81 ±0.46 ±7.2 ±12.75 ±9 ±0.02 ±25.37 ±0.76 
TK4 (n=8) 29 64.2 2.25 35.1 90.54 197 1.10 165.95 4.33 
±8 ±9.2 ±0.51 ±5.0 ±24.52 ±10 ±0.05 ±15.78 ±0.56 
TM: 10km (n=18) 
TK2 (n=3) 34 67.5 1.28 19.2 48.63 112 1.06 38.9 4.37 
±8 ±3.2 ±0.16 ±3.1 ±6.06 ±4 ±0.05 ±6.64 ±0.81 
TK3 (n=8) 32 67.8 2.03 29.9 77.04 190 1.13 33.6 5.04 
±6 ±7.6 ±0.31 ±3.5 ±9.24 ±8 ±0.06 ±4.54 ±0.66 
TK4 (n=7) 26 62.8 2.10 33.9 86.44 198 1.11 33.92 5.07 
±7 ±10.9 ±0.45 ±4.4 ±23.44 ±7 ±0.05 ±6.66 ±0.96 
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Table 4.6 Correlation coefficients (r) between various physiological 
factors and race performance time (min). 
Physiological factor LRR: 10km LM: 1990 TM: 10km Significance 
(n=27) (n=19) (n=18) 
V02 pk ([/min) -0.69 -0.62 -0.57 p<0.01 
V02 Dk (ml/ka/min) -0.65 -0.65 -0.52 p<0.01 
Estimated V02 at race pace -0.71 -0.68 -0.69 p<0.01 
Estimated % V02 pk -0.18 -0.23 -0.37 n. s 
Pushing economy (oxygen cost at a given speed) 
4.50 m/s 0.27 0.29 0.29 n. s 
4.75 m/s 0.24 0.31 0.30 n. s 
5.00 m/s 0.20 0.32 0.30 n. s 
Relative pushing economy (% V02 pk at a given speed) 
4.50 m/s 0.89 0.78 0.81 p<0.01 
4.75 m/s 0.89 0.80 0.80 p<0.01 
5.00 m/s 0.87 0.80 0.78 p<0.01 
Propulsion speeds at reference blood lactate concentrations 
2.5 mmoVI -0.86 -0.92 -0.82 p<0.01 
3.0 mmoVI -0.87 -0.91 -0.84 p<0.01 
3.5 mmoUl -0.87 -0.88 -0.85 p<0.01 
4.0 mmoVI -0.87 -0.87 -0.86 p<0.01 
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There was a linear relationship between oxygen uptake and wheelchair 
propulsion speeds equivalent to approximately 60%, 70%, 80%, and 90% V02 
pk (Fig. 4.7). However, there was also a wide variation between the oxygen 
costs of subjects at a given speed (Fig. 4.7). The linear relationship between 
oxygen uptake and speed of the whole group was also evident when the 
athletes were grouped according to racing class (Fig. 4.8). In addition it 
appeared that the tetraplegic group had a lower oxygen uptake at each of the 
relative exercise intensities (Fig. 4.8). 
The oxygen uptake predicted at race pace during the TM: 10km from the 
relationship between oxygen uptake and speed for each individual was similar 
to that measured directly during the time trial (Predicted v Actual: 1.42 ±0.44 
I. min-1 vs 1.51 ±0.43 I. min-1; n. s). This, together with the finding of no difference 
between the 10 km performance times and high correlations between the 
performances, means that it was possible to estimate the oxygen uptake during 
the road race. A correlation of -0.71 (p<0.01) was found for the relationship 
between estimated "02 at race pace and LRR: 10km (Fig. 4.9). For the TK3 and 
TK4 racing classes the correlations were 0.68 (p<0.01) and 0.72 (p<0.01) 
respectively (Fig. 4.9). 
When predicted V02 at race pace was expressed as a% V02 pk, for each race, 
a low correlation was found for the relationship between the estimated % V02 pk 
utilised during the race and performance time (Table 4.6). The estimated % VO2 
pk utilised by the group during the LRR: 10km was 76.9 ±10.6%. A very low 
correlation of 0.18 (n. s) was found for the relationship between the estimated % 
V02 pk utilised during the race and LRR: 10km time. Low correlations were also 
found for the paraplegic racing classes. The estimated % V02 pk utilised during 
the LRR: 1 Okm by each racing class (TK2; TK3; TK4) was 85.7 ±8.6%, 76.6 
±11.8% and 75.1 ±9.3% respectively. 
From the relationship between oxygen uptake and propulsion speed (Fig. 4.7) of 
each individual, pushing economy (i. e oxygen uptake at a given speed) was 
estimated. Pushing economy at common submaximal propulsion speeds did not 
correlate highly with performance (Table 4.6). However, when expressed as 
relative pushing economy at different speeds (i. e. % V02 pk at a given speed) 
high correlations were found with performance (Table 4.6). The relationship 
between relative pushing economy at 4.5 m. s-1 and LRR: 10km is shown in 
113 
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Figure 4.10 (r=0.89; p<0.01) and was similar for both the paraplegic racing 
classes (Fig. 4.10). 
There was a curvilinear relationship between blood lactate concentration and 
wheelchair propulsion speeds equivalent to approximately 60%, 70%, 80%, and 
90% V02 pk for the group of wheelchair athletes in the LRR: 1 Okm (Fig. 4.11). 
There was also wide variation among subjects between the concentrations of 
blood lactate at a given propulsion speed (Fig. 4.11). When the athletes were 
grouped according to racing class, while a curvilinear relationship was still 
evident for each racing class, the tetraplegic group appeared to have lower 
blood lactate concentrations at each relative exercise intensity (Fig. 4.12). 
From the relationship between blood lactate concentration and propulsion 
speed of each individual, speeds at various reference blood lactate 
concentrations were estimated. For each race high correlations were observed 
between the propulsion speeds at these reference concentrations and 
performance (Table 4.6). The relationship found between wheelchair propulsion 
speed at 4 mmol. l-1 and the LRR: 10 km performance time is shown in Figure 
4.13 (r=-0.87; p<0.01) with similar correlations found for both paraplegic racing 
classes. 
4.3.3 Physiological responses to a 10 km treadmill time trial. 
The physiological responses and propulsion speeds during the 10 km treadmill 
time trial (TM: 1 Okm) of the whole group (n=18) are shown in Table 4.7. The 
mean propulsion speed of the group increased (p<0.05) from 4.81 ±0.89 m. s-1 
after 1500 m to 5.08 0.79 m. s-1 after 9000 m. Oxygen uptake and ventilation rate 
seemed to show a tendency to increase during the test although the increases 
did not reach the prescribed level of statistical significance (Table 4.7). The 
mean % V02 pk utilised by the group during the TM: 10km was 78.4 ±13.6% . 
Respiratory exchange ratio (R) decreased (p<0.05) during the time trial from 0.86 
±0.08 recorded after 1500 m to 0.82 ±0.05 recorded after 9000 m. Heart rate 
increased (p<0.05) gradually throughout the test from 153 ±25 b. min-1 after 
1500 m to 165 ±25 b. min-1 after 9000 m. 
When the athletes were grouped according to racing class although there 
appeared to be a tendency to increase wheelchair propulsion speed during the 
TM: 1 Okm (Fig. 4.14) the increases were not statistically significant for either the 
TK3 or TK4 racing class. The speeds selected by the paraplegic groups were 
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similar throughout the time trial (n. s) while the tetraplegic group appeared to 
select lower propulsion speeds throughout the test (Fig. 4.14). For each of the 
physiological responses examined the tetraplegic group (TK2) also appeared to 
record lower values than the paraplegic groups throughout the test. The oxygen 
uptake of the TK2 class appeared lower than the paraplegic groups throughout 
(Fig. 4.15) despite the finding that the mean % V02 pk utilised by the tetraplegic 
group during the 10 km treadmill time trial was 88.3 ±11.3%. The TK3 and TK4 
racing classes utilised 78.6 ±9.6% and 72.4 ±13.2% of their V02 pk respectively 
(n. s). For the TK3 racing class oxygen uptake increased (p<0.05) during the test 
(Fig. 4.15). The TK4 class appeared to show a similar tendency although the 
increase in oxygen uptake did not reach the prescribed level of statistical 
significance (Fig. 4.15). There was no difference between the oxygen 
consumption of the paraplegic classes at any time during the test (n. s). Similar 
results to those described for oxygen uptake were found for the ventilation rates 
of each racing class during the TM: 10km (Fig. 4.16). Throughout the time trial the 
R value of the tetraplegic group appeared lower than both the TK3 and TK4 
racing classes (Fig. 4.17) who had similar responses (n. s). Both paraplegic 
groups showed a gradual increase in heart rate throughout the test (Fig. 4.18) 
with no difference between the heart rate responses of either group (n. s). 
Meanwhile the heart rate response of the tetraplegic group (TK2) appeared 
lower throughout the test (Fig. 4.18). 
The blood lactate concentrations increased (p<0.01) from 1.03 ±0.36 mmol. l-1 at 
rest to 5.07 ±2.48 mmol. l-1 recorded 5 min after the end of the time trial. Dividing 
the group according to the Paralympic racing classification revealed a tendency 
for higher resting and 5 min post-exercise blood lactate concentrations in the 
group with the lowest lesion level athletes (Fig. 4.19). However, despite this, 
there were no differences between the paraplegic racing classes (TK3; TK4) in 
either respect. 
The estimated total energy expenditure, from V02 and R values, during the 10 
km treadmill time trial was 1020 ±213 kJ (243 ±51 kcal) in this group of subjects. 
Of this total 47.3% was estimated as being derived from carbohydrate (CHO) 
metabolism and 52.7% from fat metabolism. The estimated total energy 
expenditure appeared to be less for the tetraplegic class (TK2) than the 
paraplegic racing classes (Table 4.8). This group (TK2) also appeared to derive 
less energy from CHO metabolism than the other racing categories (TK3 and 
TK4) (Fig. 4.20). There were no differences between the paraplegic groups 
124 
either in terms of total energy expenditure or the proportion of energy derived 
from CHO metabolism (Fig. 4.20). 
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4.4 Discussion. 
This study employed a larger number of endurance trained wheelchair athletes 
with a SCI than any previous studies reported in the literature. This allowed a 
thorough examination of the physiological characteristics of these athletes and 
comparisons to be made between Paralympic racing classes. Furthermore, this 
study assessed the relationships between various physiological characteristics 
and endurance performance of trained wheelchair distance racers. The study is 
also the first to examine the physiological responses of wheelchair athletes 
during a race. 
The results of the study are discussed under the following headings: 
Physiological charactersitics; relationships between physiological charactersitics 
and endurance performance; responses to a 10 km treadmill time trial. 
Physiological characteristics. 
The physiological characteristics of the group of endurance trained wheelchair 
athletes who participated in this study are consistent with those previously 
reported for similarly trained wheelchair athletes in other countries (Gass and 
Camp, 1979; Skrinar et al., 1982; Wicks et al., 1983; Coutts and Stogryn, 1987; 
Eriksson et al., 1988). The mean V02 pk value of the group with the largest 
number of subjects (LRR: 1 Okm; n=27) was 2.11 ±0.53 I. min-1 with the range of 
values from 1.13 I. min-1 to 3.14 I. min-1. Although these values are consistent 
with those of similar groups of trained wheelchair athletes, they are higher than 
those recorded by untrained wheelchair users of similar lesion levels (Ekblom 
and Lundberg, 1968; Coutts et al., 1983; Hjeltnes, 1986; Eriksson et al., 1988; 
Hjeltnes, 1988; Hjeltnes, 1991). In this respect Hjeltnes (1986) reported a range 
from 0.79 I. min-l to 1.9 I. min-1 in a group of recently spinal cord injured patients. 
Similarly, Eriksson and coworkers (1988) reported a range of V02 pk values 
from 0.59 I. min-1 to 2.31 I. min-1 for a group of untrained wheelchair users. 
The result of the present study may suggest that the training status of the group 
being studied influences the range of V02 pk values recorded no matter what 
the lesion levels within the group. This is supported by those studies which have 
reported improvements in V02 pk as a result of training for all levels of lesion 
from individuals with tetraplegia (Gass et al., 1980; Dicarlo et al., 1983; Hjeltnes, 
1984; Cooney and Walker, 1986; Hjeltnes, 1991) to individuals with low 
paraplegia (Pollock et al., 1974; Nilsson et al., 1975; Hjeltnes, 1984; Cooney 
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and Walker, 1986; Taylor et al., 1986; Hjeltnes, 1991). It is also interesting to 
note that the difference between the V02 pk values of untrained and trained 
tetraplegics has been reported to be smaller than the difference between 
untrained and trained paraplegics (Hjeltnes, 1984; Eriksson et al., 1988; 
Hjeltnes, 1991). It is suggested that this may relate to the fact that tetraplegics 
have the least functional muscle mass available for exercise and also have the 
greatest disruption to the autonomic nervous system (ANS) (Glaser, 1985). This 
may mean that this group have the least potential for peripheral and central 
adaptations to training for the improvement of oxygen utilisation by, and oxygen 
delivery to, the exercising muscles. 
The mean V02 pk value in the present study, as well as being representative of 
a group of trained wheelchair athletes, is similar to values reported for athletes 
involved in sports such as road racing (Crews et al., 1982; Skrinar et al., 1982; 
Eriksson et al., 1988), track athletics (Gass and Camp, 1979; Coutts and 
Strogyn, 1987; Hadj Yahmed and Charpentier, 1989) swimming (Cameron et al., 
1977; Andersen and Kasch, 1984; Hadj Yahmed and Charpentier, 1989) and 
basketball (Burke et al., 1982; Taylor et al., 1986; Hadj Yahmed and 
Charpentier, 1989) but higher than reported for wheelchair athletes involved in 
strength or skill sports such as table tennis, archery, rifle shooting, or fencing 
(Cameron et al., 1977; Hadj Yahmed and Charpentier, 1989) (Table 2.3). This 
may reflect the fact that the group in the present study were endurance trained 
and who spend about 65 ±21 minutes a day for 5 ±2 days a week training, which 
is similar to the frequency and duration of training sessions reported for elite 
wheelchair road racers competing in the USA (Hedrick, Morse and Figoni, 1988). 
Furthermore, this may suggest that regular endurance training can have a 
positive effect on the V02 pk of a wheelchair athlete. 
When the wheelchair athletes were grouped according to the Paralympic racing 
classification system (i. e TK2; TK3; TK4) the mean V02 pk values were 1.28 
±0.16 I. min-1,2.10 ±0.43 I. min-1 and 2.32 ±0.50 I. min-1 respectively. The 
tendency for a higher V02 pk in the racing class with the lowest lesion level 
athletes (TK4) lends some support to those studies which have suggested that 
the lower the lesion level the higher the V02 pk (Hulleman et al., 1975; Wicks et 
al., 1983; Figoni, 1984; Hjeltnes, 1986; Eriksson et al. 1988; Drory et al., 1990; 
Hjeltnes, 1991). This finding has largely been attributed to an increased 
functional muscle mass available for recruitment during exercise with 
decreasing lesion level. This, therefore, means that there is a greater potential 
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for oxygen utilisation (Coutts et al., 1983) to achieve a higher "02 pk. Coupled 
with an increased muscle mass the lower lesion level athlete also has less 
disruption of the ANS (Johnson and Spalding, 1974; Glaser, 1985). It has been 
suggested that the greater the loss of functional muscle mass and disruption of 
the ANS, the greater the effect on the haemodynamic and respiratory responses 
to exericse of SCI athletes (Glaser, 1985). This may result in problems for the 
delivery of oxygen to muscles, adding further evidence for the link being made 
between "02 pk and lesion level. 
In the present study while a trend seemed evident, when tested statistically, 
there was no difference between the V02 pk values of the paraplegic racing 
classes (TK3; TK4). One of the reasons for this may be because there was wide 
variation between subjects in each wheelchair racing class. This may reflect the 
nature of the subject population as well as the wide range of anthropometric 
characteristics and training regimes. However, there may also be other reasons 
which help to explain why the V02 pk of the TK3 group approached that of the 
TK4 racing class. 
Firstly, while it is true that the TK4 racing class have a greater number of muscles 
innervated and therefore available for recruitment during exercise, it may be that 
the TK3 racing class have innervation of all the major muscle groups used 
during wheelchair propulsion. This may mean that any additional functional 
muscle mass which the TK4 racing class has available for recruitment during 
exercise, and the role played by it, may be small. While it is still unclear which 
are the specific muscles involved in the production of power during wheelchair 
propulsion it is generally accepted that it is the muscles of the arms and those 
around the shoulder which are of major importance (Van der Helm and Veeger, 
1991). Athletes in both paraplegic racing classes generally have full neural 
innervation of these muscles (Ruge, 1977). The difference between the racing 
classes in terms of functional muscle mass relates to the intercostal, abdominal, 
and leg muscles. The TK3 racing class (T1-T7) have varying loss of intercostal 
muscles which are innervated from T1-T12 and loss of all the abdominal 
muscles which are innervated from T7-L4 (Woodburne, 1979). This group also 
have lost all leg function (Table 2.1). The TK4 racing class (lesions below T7) 
have full innervation of the intercostals from L1, varying loss of the abdominal 
muscles, and there is innervation of some muscles to the leg from L1 downwards 
(Table 2.1). If it is accepted that, during wheelchair propulsion, the role played by 
the additional muscles which the TK4 racing class have available, is small then it 
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may suggest that the muscle mass involvement for both groups was similar. This 
may help to explain why the mean V02 pk of TK3 racing class approached that 
of the TK4 racing class. 
Another possible reason which may be suggested for the finding is that the TO 
racing class were more highly trained than the TK4 racing class. If this were true 
it would enable the TK3 racing class to achieve a similar V02 pk to the TK4 
racing class despite having less functional muscle mass. As the athlete who 
achieved the highest VO2 pk value was an athlete in the TK3 racing class with 
the lesion level T6 this idea seems to have some merit. This individual was 
highly trained, competing at the highest level with a marathon best time of 1h 45 
min and 7s recorded at Lake Sempach, Switzerland in 1990. Having said this, 
the value does not approach the highest value reported in the literature of 4.2 
I. min-1 (Gandee et al., 1980). 
At this juncture it should be stated that the possibility that this athlete was 
skewing the data was considered. However, the data in the study was initially 
tested using non-parametric statistical methods which does not demand that the 
data be normally distributed as is required when using parametric statistics. No 
statistical differences existed between the groups for any of the data. 
Furthermore, when this individual was removed from the parametric statistical 
analysis there were still no differences found between the groups. 
Examination of the training regimes of the groups showed no difference in terms 
of frequency or duration of training sessions. Further evidence of the similarity in 
training status of the paraplegic racing classes was reflected by the skinfold 
measurements, which were similar for both groups. The skinfold measurements 
of the group of endurance trained wheelchair athletes are less than reported for 
a group of wheelchair basketball players (Bulbulian et al., 1987). This is in 
parallel with the differences reported between groups of able-bodied endurance 
trained runners and basketball players (Wilmore and Harmon-Brown, 1974). 
Supporting the idea of a similar training status of the paraplegic racing classes, 
in addition to similar skinfold measurements, the groups (TK3; TK4) also had 
similar upper body circumferences. This suggests there was no difference in the 
degree of chest or arm muscle hypertrophy for the paraplegic racing classes. 
The upper body measurements recorded in the present study are in agreement 
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with those previously reported for active paraplegics (Bulbulian et al., 1987) but 
greater than those found for inactive wheelchair users (Mollinger et al., 1985). 
The TK3 and TK4 racing classes also had similar blood lactate concentrations at 
speeds equivalent to approximately 60%, 70% and 80% V02 pk which may be 
further support for the idea that the groups were of similar training status (Hurley 
et al., 1984). The relationship between blood lactate concentration and speed for 
the whole group and each racing class was curvilinear. In the only other study 
on wheelchair users where blood lactate concentrations have been reported 
during submaximal exercise there was a linear relationship (Hooker and Wells, 
1989). One reason why Hooker and Wells (1989) may have found a linear 
relationship between blood lactate concentration and propulsion speed is that 
their subject's may not have been measured over the same wide range of 
submaximal exercise intensities as used in the present study. The curvilinear 
relationship observed in the present study is consistent with that reported during 
treadmill running of increasing exercise intensity (Williams and Nute, 1983). 
The lack of difference between the V02 pk values of the paraplegic racing 
classes may also suggest that, either, there was no difference between the ANS 
function, and more specifically, sympathetic outflow of the groups, or, that any 
difference did not affect the determination of V02 pk. With regard to the former it 
is known that the individuals with a SCI from T1 to T7 (racing class TK3) have 
greater loss of sympathetic neural control than individuals with a SCI below T7 
(racing class TK4) (Johnson and Spalding, 1974). However, in the present 
study, from the physiological measurements made, there was no evidence to 
suggest a difference in sympathetic outflow between the paraplegic racing 
classes. There was no difference between the peak heart rates of the paraplegic 
racing classes, which were similar to those achieved by able-bodied subjects at 
V02 max during uphill treadmill running (Ramsbottom et al., 1989a). There was, 
therefore, no evidence of any lack of sympathetic innervation to the heart for the 
TK3 racing class. This would have been suggested by a low peak heart rate and 
sometimes observed in SCI patients with lesions from T1-T4 because 
sympathetic fibres to the heart emanate from these levels (Johnson and 
Spalding, 1974). In addition to this, there was no difference between the resting 
blood pressures of either group which were similar to those reported for healthy 
able-bodied subjects. There was, therefore, no indication of a decreased 
sympathetic activity in the TK3 class which would have been suggested by a low 
blood pressure (Mathias and Frankel, 1988). 
137 
The similarity in the V02 pk values of the paraplegic racing classes may also 
suggest that the combined influence of a reduced muscle mass and decreased 
sympathetic outflow, of the athletes in the TK3 racing class, had little effect on the 
haemodynamic and respiratory responses or had been improved with training. 
Alternatively, it may be that the combined effect on these responses was not of 
importance in the determination of V02 pk for the TK3 racing class. 
With regard to the above, the respiratory responses indicated that although there 
was a tendency for higher values in the racing class with the lowest lesion 
athletes (TK4) there was no statistical difference between the values of the 
paraplegic racing classes. This was true for static lung function and peak 
ventilation rate. This is despite the fact that TK3 racing class have a greater loss 
of those muscles involved in breathing and in the loss of sympathetic outflow to 
the intercostal muscles (Fugl-Meyer, 1971). 
In the present study, the haemodynamic responses were not examined. 
However, because of the similarity of the V02 pk values of the paraplegic racing 
classes (i. e. TK3; TK4) it may be speculated that any additional problems that 
individuals in the TK3 racing class may have in this respect, appeared not to 
effect the determination in V02 pk. With regard to this, some studies have 
suggested that the redistribution of blood during exercise will be effected to a 
greater extent in the TK3 racing class (Glaser, 1985) due to decreased 
sympathetic outflow to the hepato-splanchnic area (Jehl et al., 1991). 
Furthermore, it has been suggested that for individuals with thoracic lesions 
(TK3) venous return may be lower than for individuals in the TK4 racing class 
(TK4) (Jehi et al., 1991). This is for two reasons which are: a reduced activity of 
abdomino-thoracic pump due to a greater loss of muscle innervation in this area 
(Jehl et al., 1991); and due to an inability for venoconstriction to take place 
below the level of the lesion for individuals with an SCI above T10 (Jehl et al., 
1991). 
The mean V02 pk value of 1.28 I. min-1 recorded for the tetraplegic group (TK2) 
appeared to be lower than the values recorded for the paraplegic racing classes 
although, due to the small number of subjects, this could not be tested 
statistically. The reason for the small number of subjects in this group was 
because there are only 3 tetraplegics racing reqularly in endurance races in this 
country. The low V02 pk value is, nevertheless, in agreement with previous 
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wheelchair studies which consistently report tetraplegics as recording the lowest 
V02 pk values (Hulleman et at., 1975; Gass et at., 1980; Coutts et al., 1983; 
Lakomy et al., 1987). 
This group (TK2) have the least recruitable muscle mass available for exercise 
and therefore have the lowest oxygen utilisation (Coutts et al., 1983). 
Tetraplegics have lost innervation to muscles in all four limbs (Bromley, 1981). 
This may be confirmed by their upper body circumferences, which appeared to 
be lower in this group. The muscles of the arms are important during wheelchair 
propulsion (Van der Heim and Veeger, 1991) and it is possible that loss of some 
of the muscles of the arm may be one reason for the lower V02 pk of the 
tetraplegic group in the present study. It seems unlikely that the lower V02 pk 
was due to a lower training status of the group. In this respect the frequency and 
duration of training and the skinfold measurements of the TK2 racing class 
appeared to be similar to those in the paraplegic racing classes. Furthermore, 
blood lactate concentrations at each relative exercise intensity appeared lower 
than in the paraplegic racing classes. This may suggest that this group were 
actually of a higher aerobic training status than the other racing classes (Hurley 
et al., 1984; Ramsbottom et al., 1989b). It is possible that because all the 
activities of daily living are placed onto a small muscle mass that this may result 
in an aerobic training effect for these athletes. 
The tetraplegic racing class (TK2) also have the greatest loss of sympathetic 
neural control. In the present study there was some evidence to support this. 
Both the resting systolic and diastolic blood pressures of the TK2 racing class 
were in the order of 15 mm Hg lower than the two paraplegic classes. This is 
indicative of a decreased sympathetic outflow (Mathias and Frankel, 1988) and 
consistent with previous resting blood pressure measurements for tetraplegics 
(Frankel, Michaelis, Golding and Beral, 1972; Drory et al., 1990). Furthermore, 
the mean peak heart rate of the tetraplegic group was 112 ±4 b. min-1 which is in 
agreement with those previously reported for tetraplegics (Ekblom and 
Lundberg, 1968; Gass and Camp, 1979; Coutts et al., 1983; Lakomy et al., 1987) 
and occurs because a complete transection of the spinal cord in the cervical 
region sever s the sympathetic nerve supply to the heart (Knuttson et al., 1973; 
Coutts et al., 1983). This means that the peak heart rate is determined by the 
intrinsic sino-atria! rhythm (Smith et al., 1976), and therefore peak heart rates will 
be between 100-125 b. min-1 (Knuttson et al., 1973). The lower peak heart rates 
of individuals with tetraplegia has been suggested as a possible limit to ' 02 pk 
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(Glaser, 1985). In addition it has been suggested that the reflex redistribution of 
blood to muscles during exercise is also effected to the greatest extent which 
may further limit exercise capability (Glaser, 1985). 
The tetraplegic group (TK2) in the present study also appeared to have a greater 
impairment of pulmonary function than the paraplegic racing classes (TK3; TK4). 
This is consistent with the results of previous studies on wheelchair athletes 
(Zwiren and Bar-Or, 1975; Gass and Camp, 1979; Gross et al., 1980). The 
finding has been attributed to the fact that this group have the greatest loss of 
musculature involved in breathing and the greatest loss of sympathetic fibres to 
the intercostal muscles (Fugt Meyer, 1971; Fugl-Meyer and Grimby, 1971; Gass 
and Camp, 1979). The lower the lesion level the greater the innervation to 
muscles involved in breathing and the greater the sympathetic outflow to the 
intercostal muscles (Fugl-Meyer, 1971; Ohry et al., 1975). This may explain the 
tendency towards for a higher FVC and FEV1 observed in the lower lesion level 
racing class (TK4). This finding is consistent with previous studies which have 
examined pulmonary function of indviduals with a SCI (Ohry et al., 1975; Zwiren 
and Bar-Or 1975). The values recorded for the group and subgroups were 
similar to those found for active wheelchair users (Wicks et al., 1983). 
From the above it may be no suprise that the tetraplegic group also appeared to 
have a lower peak ventilation rate than the paraplegic racing classes. This may 
indicate the combined influence of a reduced muscle mass and decreased 
sympathetic outflow to muscles involved in respiration (Fugl-Meyer and Grimby, 
1971). Some studies have suggested that, for tetraplegics, lower peak 
ventilation rates may be the limit to V02 pk (Silver, 1963; Figoni, 1984) while 
others would not support this view (Coutts et al., 1983; Hoffman, 1986). 
From the above discussion it appears that, in the present study, muscle mass 
involved during the exercise is the most important factor in the determination of 
V02 pk for the paraplegic racing classes. While for the tetraplegic racing class, 
in addition to muscle mass, the influence of a reduced sympathetic outflow, and 
in particular a reduced heart rate, seems important. 
Physiological characteristics and endurance performance. 
Ultimately, like other athletes, wheelchair athletes are more interested in their 
performance time and how to improve it than in their physiological 
characteristics per se. It is therefore, perhaps, suprising that there is very little 
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information in the literature concerning the influence of physiological 
characteristics on the endurance performance of wheelchair athletes (Lakomy et 
al., 1987). In the present study the relationship between endurance performance 
and various physiological characteristics were examined. 
For each of the three wheelchair races i. e. the Loughborough 10 km road race 
(LRR: 10km), the 1990 London marathon (LM: 1990), and the 10 km treadmill time 
trial (TM: 10km), there were a wide range of performance times. A number of 
running studies have suggested that differences between endurance running 
perfomance times of a group can be explained by differences in V02 max 
(Ramsbottom et al., 1 987). This occurs particularly when there are a wide range 
of V02 max values within the group (Williams and Nute, 1983). There were a 
wide range of V02 pk values within the group of wheelchair athletes in each of 
the events considered in this study. The relationship between V02 pk and 
endurance performance revealed that, in general, the higher the V02 pk the 
better the performance time over either the 10 km or marathon distance. Having 
said this, the highest correlation recorded for the whole group, which was found 
between V02 pk and LRR: 10km, was -0.69. This correlation is not as high as has 
been reported by many studies on able-bodied runners for endurance distances 
including 5 km ( Davies and Thompson, 1979; Colquhoun, 1984; Ramsbottom, 
1989a), 10 km (Priest and Hagan, 1987), the half marathon (Williams and Nute, 
1983) and the marathon (Costill et al., 1973; Foster et al., 1977). Having said 
this, not all running studies have found high correlations between V02 max and 
performance (Wiley and Shaver, 1972; Conley and Krahenbuhl, 1980). This has 
led to the suggestion that other physiological factors may also be of importance 
for success over endurance distances (Farrell et al., 1979; Conley and 
Krahenbuhl, 1980; Williams and Nute, 1983; ). 
In the present study the correlation between V02 pk and performance only 
accounted for 47.6% of variance in 10 km time. This finding, and the similar 
relationship found between oxygen cost at race pace and performance may, to 
some extent, be explained by the observation that a number of individuals with 
relatively low V02 pk values were able to push at fast speeds at a low oxygen 
cost. This may suggest that high speed wheelchair propulsion, unlike high 
speed running (Williams and Nute, 1983; Ramsbottom et al., 1989a), does not 
necessarily require a high rate of oxygen utilisation. It is suggested that this may 
be achieved through the development of an economical wheelchair propulsion 
technique. The relationships also indicated that the converse to this may also be 
141 
true. For example, some subjects with relatively high V02 pk values were only 
able to push at slow speeds despite a relatively high oxygen utilisation. This may 
be indicative of a poor propulsion technique and may indicate the importance of 
an economical technique for optimising the performance of a wheelchair athlete 
over an endurance distance. 
This idea is supported by the relationship found between oxygen uptake and 
submaximal wheelchair propulsion speed. Oxygen uptake increased linearly 
with increasing propulsion speed, and is therefore consistent with previous 
wheelchair studies (Voight and Bahn, 1969; Asayama et al., 1984; Asayama et 
al., 1985). However, there were large differences between the pushing economy 
(i. e. oxygen uptake at a given speed) of subjects over a wide range of propulsion 
speeds. Such large variations are contrary to results reported by a number of 
running studies (Williams and Nute, 1983; Ramsbottom et al., 1987). It is 
suggested that for wheelchair athletes small differences in technique may result 
in large differences in oxygen cost at a given speed as has been indicated for 
cycling (Faria and Cavenaugh, 1978). In addition, it may be that differences in 
wheelchair characteristics such as tyres, tyre pressure, friction of the wheelchair 
frame or weight of the wheelchair may also have contributed to the variation in 
pushing economy between subjects. There was also some evidence to suggest 
that differences existed in the way pushing economy changed over a range of 
speeds. In this respect, the relationship between oxygen uptake and 
submaximal speeds equivalent to 60%, 70%, 80% and 90% V02 pk indicated 
that, for the tetraplegic group, the increase in oxygen uptake was less than for 
the paraplegic racing classes for the same increase in exercise intensity. This 
may, to some extent, be explained by the fact that individuals with a higher V02 
pk (i. e the athletes in the TK3 and TK4 racing class) can "afford" to be less 
economical as has been reported for runners (Mayhew, 1977). 
In the present study the correlations found between pushing economy at 
common submaximal propulsion speeds and performance either over 10 km or 
a marathon distance were not high. This is in contrast to a running study where a 
high correlation was reported for the relationship between running economy at 
4.47 m. s-1 and 5 km performance time for a group of runners where there were a 
wide range of oxygen costs at this speed (Sjödin and Schele, 1982). Conley and 
Krahenbuhl (1980) also found a high correlation between running economy and 
10 km performance time which led them to suggest that running economy was 
an essential attribute to distance running success when a group have similar 
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V02 max values. There was a wide range of V02 pk values within the group in 
the present study which may explain why the correlations between pushing 
economy and performance were not high. This is supported by a number of 
running studies where there have been a wide range of V02 pk values within 
the group (Williams and Nute, 1983; Ramsbottom et al., 1987). Interestingly, in a 
situation where two subjects had similar V02 pk values and utilised similar 
proportions of their V02 pk during the road race, but one subject was more 
economical than the other, it was the more economical wheelchair athlete who 
recorded the faster performance time (Table 4.9; Example 1). 
From this discussion, it may be evident that, in general the ability of a wheelchair 
athlete to push at fast speeds will be aided by a high V02 pk and a high oxygen 
utilisation at race pace. However, an economical wheelchair propulsion 
technique would be of benefit to the individual. 
When pushing economy was expressed as relative exercise intensity (% V02 
pk) the correlations with endurance performance were observed. As this value 
(% V02 pk at a given speed) represents both the effects of V02 pk and pushing 
economy (Sjödin and Svedenhag, 1985) the finding seems logical. The 
correlation of 0.89 between % V02 pk and LRR: 10km accounts for 79% of the 
variance in 10 km performance times. This is consistent with a number of studies 
on able-bodied subjects where high correlations have also been reported 
(Costill et at., 1973; Sjödin and Schele, 1982). 
From the above it should not be implied that the fractional utilisation of V02 pk 
(% V02 pk) maintained during a race, around 75% V02 pk in the LRR: 1 Okm 
road race, would necessarily be a good indicator of distance pushing success for 
a group of athletes. The correlations found between % V02 pk maintained 
during the race and performance were low. It has been suggested that this is 
likely to apply where a group of athletes are of similar training status (Williams 
and Nute, 1983). The group in the present study were endurance trained and 
competed regularly in endurance races which, therefore, may help to explain the 
finding. However, where two individuals had a similar V02 pk and pushing 
economy, the faster time was recorded by the individual who was able to utilise 
a higher % V02 pk during the race (Table 4.9; Example 2). This example may 
indicate that the ability of a wheelchair athlete to utilise a high % V02 pk for 
prolonged periods is of importance for optimal performance, as has been 
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suggested by a number of running studies (Costill et al., 1973; Farrell et al., 
1979). 
The % V02 pk sustained during an endurance race reflects the ability of the 
muscles to meet the energy demands through predominantly aerobic 
metabolism (Williams and Nute, 1983). Above this intensity lactate accumulates 
rapidly and the pace can no longer be maintained (Farrell et al., 1979). The 
ability to run at a fast speed without an exponential rise in blood lactate 
concentration appears to be advantageous to endurance performance (Farrell et 
al., 1979). A number of running studies have suggested that differences between 
endurance running perfomance times of a group are best explained by 
differences between running speeds at reference blood lactate concentrations 
(Ramsbottom et al., 1987). This is because the running speed at a reference 
blood lactate concentration reflects largely the interaction between muscle 
metabolism, V02 max and running economy (Ramsbottom et al., 1989a). 
In the present study, in general, the higher the speed at which a blood lactate 
reference concentration was reached, the better the performance time. For each 
event a high correlation was found. In the LRR: 10km 68.9% of the variation in 
performance time could be accounted for by differences in wheelchair 
propulsion speeds at a blood lactate concentration of 4 mmol. l-1. This is 
consistent with a number of running studies which have reported similar findings 
for endurance distances from 5 km to marathon ( Sjödin and Jacobs, 1981; 
Sjödin and Schele, 1982; Williams and Nute, 1983; Ramsbottom et al., 1989a). 
In the present study, endurance performance times of a group of wheelchair 
athletes could be best explained by differences in propulsion speeds at 
reference blood lactate concentrations and also % V02 pk at a common 
submaximal running speed rather than V02 pk per se. Furthermore, in general, 
the % V02 pk used by a wheelchair athlete during a race could not explain 
differences in performance times in this study. 
Responses to a 10 km treadmill time trial. 
When the performance times of the 18 wheelchair athletes who completed both 
the LRR: 1 Okm and TM: 1 Okm were compared no difference was found. 
Furthermore, those athletes who achieved the best performance times on the 
road also did so under laboratory conditions. There was also evidence, from the 
heart rates of a small sub-group of 5 subjects, to suggest that the athletes placed 
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themselves under similar levels of physiological stress during both performance 
tests. These findings lend support to a previous study (Campbell and Lakomy, 
1990) which recommended the treadmill model for the study of endurance 
performance of wheelchair athletes. 
The present study investigated some of the physiological responses occurring 
during the TM: 1 Okm. For the group of 18 wheelchair athletes the results revealed 
that, despite an increased speed of propulsion during the 10 km treadmill time 
trial test, there was no increase in oxygen uptake or ventilation rate. This is in 
contrast to a recent running study which indicated that the rate of oxygen 
utilisation closely follows a change in running pace (Ramsbottom et al., 1992). It 
is speculated that, in the present study, the increase in speed during the 
TM: 10km without a change in oxygen consumption may have been the result of 
an improved mechanical efficiency achieved by increasing the torque applied to 
the hand-rim without increasing the number of strokes per minute (Gass et al., 
1981; Wicks et al., 1983). 
There was a decrease in R value for the group during the TM: 1 Okm which is 
indicative of a shift towards increased fat metabolism (Felig and Wahren, 1975). 
Although, to the author's knowledge, this has not previously been reported for a 
10 km race, similar findings have been observed during prolonged running 
(Costill, 1970; Pruett, 1970; Jansson, 1980; Hardman and Williams, 1983) and 
wheelchair exercise (Gass et al., 1981; Skrinar, 1982; Gass and Camp, 1987). 
This finding may also add support to the idea that mechanical efficiency 
improved because an increased fat metabolism requires a greater oxygen cost 
for the same ATP production. 
When the athletes were grouped according to racing class the most noticeable 
feature of the results was that the tetraplegic racing class appeared to exhibit 
lower values for each of the physiological responses considered, notably, 
oxygen uptake, ventilation rate, respiratory exchange ratio value and heart rate. 
The propulsion speeds selected by the tetraplegic group during the time trial 
also appeared slower than both paraplegic racing classes. 
The results of the tetraplegic group appear to be largely attributable to the lower 
functional capacities of this group compared with paraplegic racing classes. 
Despite the lower V02 pk this group were still able to work at a high percentage 
of their V02 pk which may support the idea that the ability to perform endurance 
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exercise is independent of V02 max per se. The low heart rates recorded 
throughout the 10 km treadmill time trial may serve to further illustrate the effect 
of the loss of sympathetic neural control to the heart in this group of subjects. 
During the 10 km treadmill time trial the tetraplegic group (TK2) also appeared to 
exhibit lower R values than both paraplegic racing classes throughout the test. 
This suggests a greater contribution from fat metabolism for energy provision at 
all times in this group. Indeed, the estimated percentage contribution of fat and 
carbohydrate (CHO) to energy expenditure for the tetraplegic group was 71.4% 
from fat and 28.6% from CHO compared to 50.7% from CHO 49.3% from fat; 
and 51.4% CHO 48.6% from fat for the TK3 and TK4 racing classes respectively. 
The greater contribution from fat metabolism during endurance exercise may 
suggest that despite the lower V02 pk of the TK2 racing class they were better 
adapted for endurance exercise (Hardman and Williams, 1983). While the 
training regimes and skinfold measurements of this group appeared similar to 
those of the paraplegic racing classes, at each relative exercise intensity the 
blood lactate concentration appeared lower than for the paraplegic racing 
classes. This may be indicative of a higher aerobic training status (Hurley et al., 
1984; Ramsbottom et al., 1989b) and may suggest either a greater rate of lactate 
uptake by the cardiac muscle and the liver (Karlsson and Jacobs, 1982) or a 
slower rate of production (Favier, Constable, Chen and Holloszy, 1986). The 
higher training status of the tetraplegics, suggested by this result, may be due to 
the fact that this group probably have to use most of their limited muscle mass all 
of the time resulting in an aerobic training effect. 
Another reason for the present finding may be that the R value is not reflecting 
the relative contributions of CHO and fat to oxidative metabolism in the 
tetraplegic group. This is contrary to those able-bodied studies which have 
suggested that the R value provides a very good estimate during endurance 
exercise (Jansson, 1980). 
For the paraplegic groups, although there were no differences between the 
values found for any of the physiological responses considered at any of the 
sampling times, there was a difference between the way each group responded 
to the test. In this respect, for the TK3 racing class there was an increase in 
oxygen uptake and ventilation rate but no increase in speed suggesting that this 
group became less economical during the test, possibly due to the increased 
cost of breathing (Hardman and Williams, 1983). The response of TK4 racing 
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class differed, with no change found in the oxygen uptake or speed during the 
10 km treadmill time trial. 
The blood lactate concentrations both at rest and at the end of the 10 km 
treadmill time trial indicated a tendency towards a higher blood lactate 
concentration in the racing class with the lowest lesion level athletes (TK4) 
which probably reflects the greater amount of active muscle mass in this group. 
However, consistent with other findings in this study, there was no statistical 
difference between the blood lactate concentrations of the TK3 and TK4 racing 
class either at rest or at the end of the 10 km treadmill time trial. 
In summary, the physiological characteristics of wheelchair athletes competing 
regularly in endurance races in the U. K. are consistent with those reported for 
similarly trained wheelchair athletes in other countries. When the athletes were 
grouped according to the Paralympic racing classification system there were no 
differences found between the paraplegic racing classes (TK3, TK4) in terms of 
their physiological characterisitcs, endurance race performances or 
physiological responses to a 10 km treadmill time trial. The group of tetraplegic 
athletes (TK2), however, appeared to exhibit lower physiological values and 
performance times than both the paraplegic racing classes. Despite this, 
endurance trained wheelchair athletes are able to sustain a propulsion speed 
which utilises a high proportion of their V02 pk during distance races, 
irrespective of lesion level. Furthermore, differences between the % V02 pk 
maintained during a race by subjects could not explain the differences in 
endurance performance times which adds support to those studies which have 
suggested that the ability to perform endurance exercise is independent of V02 
pk per se. Performance times of a group of trained wheelchair athletes 
competing in endurance races were best explained by differences in propulsion 
speeds at reference blood lactate concentrations and also % V02 pk utilised at a 
common submaximal propulsion speed, rather than V02 pk. 
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CHAPTER 5. 
5. PHYSIOLOGICAL AND METABOLIC RESPONSES OF 
WHEELCHAIR ATHLETES TO ENDURANCE EXERCISE. 
5.1 Introduction. 
The physiological and metabolic responses to endurance exercise of able- 
bodied subjects have been well documented (Ekelund, 1967; Costill, 1970; 
Pimental et al., 1984). Over the past ten years there has been an increased 
participation of wheelchair users in endurance events. Despite this increased 
participation there is relatively little information concerning the physiological and 
metabolic responses of these individuals to endurance exercise (Gass et al., 
1981; Skrinar et al., 1982; Gass and Camp, 1987). One of the limitations of these 
studies on wheelchair users has been that they have not simulated the same 
type of exercise as undertaken by wheelchair users in endurance competitions. 
For example, subjects have been unable to use their own "racing" wheelchairs 
and had to exercise against a heavy resistance (Skrinar et at., 1982) or on a 
steep treadmill gradient (Gass et al., 1981; Gass and Camp, 1987) at very slow 
propulsion speeds (Gass et at., 1981; Skrinar et al., 1982; Gass and Camp, 
1987). 
In the last chapter it was shown that wheelchair athletes are capable of 
sustaining propulsion speeds which utilise around 75% V02 pk during 
endurance races. Wheelchair athletes, however, commonly describe the 
exercise intensity at which they are working during an endurance race in terms 
of the percentage top speed (% TS) sustained. However, the physiological and 
metabolic responses of wheelchair athletes to endurance exercise at a fixed 
percentage of top speed have not previously been investigated. 
The term 'top speed' is part of the training vocabulary of all wheelchair road 
racers and is entirely empirically based. It has derived from competition racing 
and refers to the highest speed at which a wheelchair athlete can push. 
Selecting a% TS is a method regularly used by wheelchair road racers to 
determine training intensity. Despite this, it is unknown whether selecting a% TS 
for a group of wheelchair athletes translates to a common relative exercise 
intensity. Common relative exercise intenisty is meaningful to the exercise 
physiologist as it has physiological validity. In this study 80% TS was selected 
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because it is a training speed frequently used by wheelchair road racers. The 
study, therefore, also has ecological validity. It was also of interest to know 
whether 80% TS corresponded to 80% V02 pk which is similar to the relative 
exercise intensity maintained in endurance races by wheelchair athletes. 
Furthermore, if 80% TS does equate to 80% V02 pk there is some cause for 
concern for individuals taking up the sport as this intensity would be far too 
excessive as a training speed. 
The purpose of the present study was therefore (a) to describe and examine 
selected physiological and metabolic responses of a group of wheelchair 
athletes to 60 minutes exercise at 80% Top Speed because it is an exercise 
intensity which is meaningful to them (b) to assess whether choosing a% TS 
corresponds to a common relative exercise intensity (% V02 pk). 
5.2 Methods. 
5.2.1 Subjects. 
Twelve wheelchair athletes volunteered to participate in this study which 
required the subjects to complete a series of preliminary tests and a one hour 
endurance test at 80% of their "top speed" (80% TS). A summary of the personal 
and training characteristics of the group are shown in Table 5.1. Specific details 
for each subject are shown in Appendix D. 1. 
5.2.2 Preliminary tests 
Prior to any testing all subjects were fully familiarised with wheelchair treadmill 
exercise (see Section 3.1.4). 
The preliminary treadmill tests undertaken by each subject included the 
determination of (a) peak oxygen uptake (V02 pk) using the speed protocol 
previously described (see Section 3.1.5); (b) the oxygen cost (V02 I. min-1) at 
submaximal wheelchair propulsion speeds (m. s-l). The speeds selected were 
equivalent to 60%, 70%, 80% and 90% of their "top speed" (TS) achieved during 
the peak oxygen uptake test; (c) the relationship between blood lactate 
concentration and a range of submaximal propulsion speeds. 
5.2.3 One Hour Endurance Test at 80% TS. 
This test required subjects to exercise at 80% of their "top speed" (80% TS) for 
one hour. Subjects arrived at the laboratory in a rested state and at least 4 hours 
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after their last meal. Prior to the test duplicate 20 µl capillary blood samples were 
taken from an ear lobe for the determination of blood lactate and glucose 
concentrations (see Section 3.8). Four chest electrodes were then attached to 
the wheelchair athlete to monitor heart rate (see Section 3.5). After each athlete 
had completed his own warm up on the treadmill he commenced pushing at a 
constant pace (80% TS) for one hour. Routine collections of expired air were 
obtained every 15 minutes (see Section 3.6). Following each of these collections 
the subject stopped pushing and duplicate samples of capillary blood (20 µl) 
were taken from the ear lobe. As soon as the sample had been obtained, which 
took approximately 20 s, the athlete commenced pushing again. Heart rate was 
monitored throughout the test with samples recorded by the computer every 15s. 
5.3 Results. 
The physiological characteristics of this group of wheelchair athletes are shown 
in Table 5.2. The mean (±SD) peak oxygen uptake (V02 pk) value for the group 
was 1.80 ±0.55 I. min-1 with a range of 1.06 - 3.02 I. min-1. 
The wheelchair propulsion speeds selected for the preliminary submaximal test 
were equivalent to 60%, 70%, 80% and 90% of each subject's top speed (TS) 
achieved during the V02 pk test. These speeds equated to 48.3 ±13.8%, 60.0 
±11.1 %, 70.6 ±9.8% and 82.7 ±9.6% V02 pk respectively in this group of 
wheelchair athletes. The wide variation between subjects was also found for the 
other physiological and metabolic responses examined at each speed (Table 
5.3). 
The relationship between oxygen cost and submaximal wheelchair propulsion 
speeds for this group of wheelchair athletes is shown in Figure 5.1. The 
relationships for two subjects are also shown to illustrate the differences which 
can exist between subjects (Fig. 5.1). 
There was a curvilinear relationship between blood lactate concentration and 
submaximal wheelchair propulsion speed (Fig. 5.2). The relationships for two 
subjects are also shown to illustrate the differences which can exist between 
subjects (Fig. 5.2). 
During the one hour endurance test at 80% TS the group (n=12) were working at 
a relative exercise intensity of 64.6 ±13.5% V02 pk. The physiological and 
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metabolic responses determined during the one hour endurance test for the 
group are shown in Table 5.4. The oxygen consumption (V02) and ventilation 
(VE) remained stable (Table 5.4), while there was a decrease in the respiratory 
exchange ratio (R) from 0.87 ±0.05, recorded after 15 min, to 0.81 ±0.04 (p<0.01) 
recorded during the last minute of exercise (Fig. 5.3). From the oxygen uptake 
and R values of each subject, energy expended during the test was calculated. 
The estimated total energy expenditure for this group of subjects was 1.3 ±0.3 
MJ (324 ±72 kcal). Of this total 45.7% was estimated as being derived from CHO 
metabolism (Table 5.5). During the 60 minute test the estimated rate of energy 
expenditure remained stable throughout (Fig. 5.4) with the mean value 22.1 ±5.1 
kJ. min-1. The estimated contribution from CHO metabolism to energy provision 
decreased from 55% after 4 min to 37.4% after 60 min (p<0.01) (Fig. 5.4). 
Heart rate (HR) increased continuously for the first 45 minutes and then 
plateaued during the last 15 minutes of exercise (Fig. 5.5). The heart rate 
responses of the two tetraplegic athletes appeared lower than the paraplegic 
group throughout the test (Fig. 5.5). Blood lactate (BLA) concentrations 
increased (p<0.01) during the first 15 minutes of exercise. After this peak, all 
subsequent values were lower (p<0.01) with concentrations approaching those 
recorded at rest by the end of the hour (Fig. 5.6). The blood glucose (BGL) 
concentrations for the group showed no change from resting values during the 
60 minute exercise test (Table 5.4). The perceived rate of exertion (PRE) also 
showed no change (Table 5.4) with the mean value 13 ±2. 
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Table 5.4 Physiological and metabolic reponses of the group of wheelchair 
athletes (n=12) during the one hour endurance test at 80% TS 
(mean ±SD). 
Time (min) Rest 15 30 45 60 
V02 (1/min) - 1.13 1.1 1.13 1.09 
±0.35 ±0.29 ±0.25 ±0.28 
% VO2 pk - 65 64 66 63 
±14 ±14 ±13 ±14 
VE (1/min) - 31.8 30.0 31.6 29.8 
±7.7 ±6.5 ±6.9 ±7.1 
HR (bVmin) 71 148 152 155 155 
±10 ±22 ±25 ±22 ±21 
R - 0.87 0.84 0.83 0.81 
±0.05 ±0.05 ±0.05 ±0.04 
BLA (mmol/I) 1.0 3.0 2.4 2.1 1.8 
±0.1 ±1.6 ±1.4 ±1.1 ±0.6 
BGL (mmol/I) 4.2 4.3 4.3 4.2 4.2 
±0.3 ±0.4 ±0.3 ±0.3 ±0.3 
PRE - 12 13 13 13 
±2 ±2 ±2 ±2 
Statistical significance 
HR: p<0.01 Resting heart rate and all other heart rates. 
R: p<0.01 15 and 60 min values. 
BLA: p<0.01 15 min and all other values. 
p<0.01 Resting BLA and15 min, 30 min and 45 min values. 
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5.4 Discussion. 
This study was primarily undertaken to assess whether or not selecting a% TS 
(top speed), a method regularly used by wheelchair road racers to determine a 
training intensity, has scientific credibility. The results of the study showed that 
80% TS was equivalent to 64.6 ±13.5% V02 pk during the one hour endurance 
test. Furthermore, it was found that 80% TS was not an appropriate way of 
selecting a common relative exercise intensity because of the wide range of 
values represented at 80% TS. 
The mean V02 pk of 1.80 ±0.55 I. min-1 found in the present study, while 
somewhat lower than the value of 2.11 ±0.53 I. min-1 reported in the last chapter, 
for a similar group of wheelchair athletes, is consistent with that reported by 
Lakomy and coworkers (1987). Both the present study and that of Lakomy and 
coworkers (1987) employed a similar speed protocol to determine V02 pk. 
However, in the test protocol employed for the determination of V02 pk in the 
last chapter, the treadmill speed remained constant and the gradient was 
increased. A sub-study reported in Chapter 3 found that this "increase in 
gradient" protocol elicited higher V02 pk values than the "increase in speed" 
protocol used in the present study. It is therefore suggested that the apparent 
difference between the V02 pk values of the two studies may be due to the 
different protocols, which are both reproducible (see Section 3.1.5). It is 
speculated that a greater muscle mass can be recruited to achieve a higher 
V02 pk using a protocol where speed remains constant and the treadmill 
gradient is increased. This may be because the technical requirement to be able 
to push at fast speeds is unnecessary, whereas this ability is of greater 
importance for the determination of V02 pk using a protocol where the 
wheelchair athletes are required to push at ever increasing speeds. 
The finding that the tetraplegic athlete, with a complete lesion at C7, recorded 
the lowest V02 pk is consistent with the results reported in the last chapter and 
other studies on tetraplegic athletes (Gass and Camp, 1979; Gass et al., 1980; 
Lakomy et al., 1987; Eriksson et al., 1988). As was discussed in Chapter 4, this 
may relate to the fact that tetraplegics have the greatest loss of sympathetic 
neural control. In support of this, the athlete had the lowest peak heart rate of 
113 b. min-1, which is characteristic of this level of SCI (Ekblom and Lundberg, 
1968; Gass et al., 1980; Coutts et al., 1983; Lakomy et al., 1987; Eriksson et al., 
1988) and due to the lack of sympathetic innnervation of the heart (Knuttson et 
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at, 1973; Smith et at., 1976). This was further substantiated by the very low heart 
rate of this athlete throughout the one hour test. Interestingly, the tetraplegic 
athlete with an incomplete cervical lesion had a peak heart rate of 164 b. min-1. 
This is indicative of loss of some, but not all, the sympathetic nerve supply to the 
heart (Coutts et at., 1983). It should also be mentioned that similar peak heart 
rate values are sometimes observed in paraplegics with high thoracic lesions 
because sympathetic innervation of the heart occurs between T1 and T4 
(Johnson and Spalding, 1974; Coutts et at. 1983). In the present study the peak 
heart rate of the paraplegic group was comparable with that achieved by able- 
bodied subjects during uphill treadmill running to exhaustion (Ramsbottom et at., 
1989a). 
The preliminary submaximal test showed that the speeds equivalent to 60%, 
70%, 80% and 90% of top speed (% TS) did not correspond to 60%, 70%, 80% 
and 90% of V02 pk. These percentages of top speed actually represented, on 
average, relative exercise intensities of 48%, 60%, 71 % and 83% V02 pk. 
Furthermore, there was a wide range of relative exercise intensities represented 
at each % TS. The possible reason for this finding may be due to the differences 
between subjects in the way oxygen cost increased with increasing propulsion 
speed. In this respect some subjects had a greater increase in oxygen uptake for 
a given speed than others. Such differences in the relationship between oxygen 
cost and propulsion speed have also been reported by a running study which 
suggested that this may result because athletes with a higher V02 max can 
afford to be less economical (Mayhew, 1977). 
Whatever the reason for the variation in the relative exercise intensities 
represented by a given % TS, the result has implications for those designing 
training schedules for wheelchair users. For example, a coach may recommend 
that a group of wheelchair athletes should train at 80% TS in the belief that the 
group will be working at similar levels of physiological stress. However, the 
present study indicates that this may be inappropriate as athletes would be 
working at a range of relative exercise intensities. For the majority of athletes this 
would be lower than is necessary to produce training induced adaptations but in 
some cases it may be too excessive. 
All the wheelchair athletes completed the one hour endurance test at 80% TS. 
This suggests that the energy needs of the muscles were primarily being met 
through aerobic metabolism (Jacobs, 1986). This may have been anticipated 
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from the preliminary test, and more specifically the relationship between blood 
lactate concentration and propulsion speed. The curvilinear relationship found 
may be indicative of an increased contribution of anaerobic metabolism to 
energy provision during the higher exercise intensities, as has been well 
documented in able-bodied studies (Costill, 1970; Farrell et al., 1979; Jacobs, 
1986). The present study also indicated that the blood lactate concentration at a 
given submaximal propulsion speed varies from one subject to another for 
reasons discussed in Chapter 4. Nevertheless, the relationship showed that the 
exponential increase in blood lactate concentration, indicative of an increased 
contribution from anaerobic metabolism to energy provision, occurred at a 
higher exercise intensity than 80% TS. 
During the 80% TS test the subjects worked at a relative exercise intensity 
equivalent to 64.6 ±13.5% V02 pk. The physiological and metabolic responses 
of the group observed during the test were indicative of steady state exercise 
and consistent with the results of the other wheelchair endurance studies which 
have also employed relative exercise intensities between 50-70% V02 pk (Gass 
et al., 1981; Fitzgerald et al., 1982; Skrinar et al., 1982; Gass and Camp, 1987). 
The relative exercise intensity of 64.6% was approximately 6% lower than had 
been predicted from the preliminary submaximal treadmill test. The group were, 
therefore, pushing more economically during the test than anticipated. This may 
suggest that wheelchair users take longer to develop an optimal propulsion 
technique than the 4 minutes exercise periods used during the preliminary test. 
However, Van der Woude and coworkers (1986), do not support this view; they 
suggest that an optimum steady rate of propulsion is reached within three 
minutes. An alternative explanation for the difference in pushing economy 
observed during the endurance test is that the subjects became even more 
familiar with wheelchair treadmill exercise by the time they took part in the 60 
minute test. However, it is the view of the author that this is highly unlikely due to 
the thorough familiarisation sessions undertaken by each subject before the 
study. 
Pushing economy (oxygen uptake at a given speed) remained relatively stable 
throughout the hour. This observation is consistent with other wheelchair 
endurance studies (Gass et al., 1981; Fitzgerald et al., 1982; Gass and Camp, 
1987). However, the result is contrary to a number of studies on able-bodied 
subjects exercising in the sitting position (Ekelund, 1967) or running (Hagberg et 
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al., 1978; Hardman and Williams, 1983; Casaburi et al., 1987; Camus et al., 
1988) which have reported a tendency for oxygen uptake to drift upwards. The 
"drift" has been suggested to be associated with a number of factors including an 
increased fat metabolism (Hartley, 1977), increased blood lactate concentrations 
(Casaburi et al., 1987), increased ventilation rate (Hardman, 1984), increased 
core temperature (Hagberg et al., 1978) and recruitment of different and 
increasingly inefficient muscle groups as those preferentially used become 
fatigued (Hartley, 1977). 
In the present study, of the above factors, ventilation rate and blood lactate 
concentration were measured directly and substrate metabolism was 
determined indirectly from the respiratory exchange ratio (R). 
Ventilation rate remained stable throughout the endurance test. This is 
consistent with other similar wheelchair studies (Gass et al., 1981; Fitzgerald et 
al., 1982; Gass and Camp, 1987). During endurance running, Hardman (1984), 
reported that only when the exercise intensity resulted in an increase in 
ventilation rate did oxygen uptake drift upwards. As there was no increase in 
ventilation rate in the present study this may help to explain why oxygen uptake 
remained stable. 
Blood lactate concentration peaked after 15 minutes of exercise and then 
decreased throughout the remainder of the hour. This result is consistent with 
the results reported by other wheelchair studies (Gass et al., 1981). It is also 
consistent with endurance running (Rowell et al., 1966) and arm exercise 
(Pimental et al., 1984) studies, which have employed relative exercise intensities 
between 48-70% V02 max, described as moderate to high intensity exercise 
(Rowell et al., 1966). The decrease in blood lactate concentration observed 
during the hour may be indicative of an increased utilisation of lactate as a 
substrate (Rowell et al., 1966) and a further indication that the energy demands 
of the exercise were being met primarily by aerobic metabolism during the hour 
test. The finding may also be further evidence to explain the stability of oxygen 
uptake. This is because some studies have suggested that a drift in oxygen 
uptake will only occur at an exercise intensity where there is an increase in 
blood lactate concentration (Casburi et al., 1987). 
There was a decrease in respiratory exchange ratio (R value) during the hour 
which reflects a shift towards fat metabolism (Felig and Wahren, 1975). After 15 
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minutes the estimated energy expenditure was around 23 kJ. min-1 with the 
contribution from CHO metabolism estimated as approximately 55%. After 60 
minutes the energy expenditure was still similar to that recorded after 15 minutes 
but the estimated contribution from CHO metabolism had decreased to around 
37%. This means that the substrate utilisation during the hour, while consistent 
with both endurance running (Costill, 1970; Hartley, 1977; Hardman and 
Williams, 1983) and wheelchair exercise, (Gass et al., 1981; Skrinar et al., 1982; 
Gass and Camp, 1987) is a factor which cannot help to explain the stability of 
pushing economy in the present study. Indeed an increase in oxygen uptake 
may have actually been expected because of the higher oxygen demand per 
unit of available ATP required for fat metabolism (Hardman, 1984). A previous 
wheelchair study has suggested that the reason that an increase in oxygen 
uptake may not be observed, despite an increase in fat metabolism, is due to an 
improved mechanical efficiency achieved through modifications made to 
propulsion technique during prolonged activity (Gass et al., 1981). This may be 
achieved, for example, by improving the torque on the hand-rim of the 
wheelchair and thus decreasing the number ofstrokes per minute (Gass et al., 
1981; Wicks et al., 1983). 
The blood glucose concentration in the present study showed no change from 
those values recorded at rest which is consistent with previous studies 
concerned with wheelchair exercise at a similar intensity (Skrinar et al., 1982; 
Gass and Camp, 1987). This finding may indicate, that under the present 
conditions, the muscle uptake of glucose was in equilibrium with liver output 
(Costill, 1986). It has been suggested that as fatigue approaches, blood glucose 
will make ii s most significant contribution to muscle metabolism, with decreases 
in blood glucose concentration reported (Williams, Nute, Broadbank and Vinall, 
1990). The fact that blood glucose remained stable may, therefore, have been 
an indication that fatigue was not approaching. This was supported by the 
finding that the activity was still only perceived as "somewhat hard" (Borg, 1973) 
at the end of the hour test. 
The gradual increase in heart rate commonly associated with prolonged activity 
in able-bodied subjects (Rowell, 1974; Smith et al., 1976), or upper body 
exercise (Pimental et al., 1984), was not observed in this group of wheelchair 
athletes and is therefore consistent with previous endurance wheelchair studies 
(Gass et al., 1981; Fitzgerald et al., 1982). In the past, the low relative exercise 
intensity chosen by these studies has been recognised as one possible reason 
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for the observstion (Gass et al., 1981; Fitzgerald et al., 1982). In the present 
study as the relative exercise intensity was around 65% V02 pk this may help to 
explain the result. However, it should also be noted that such an intensity has 
resulted in cardiovascular drift both in lower (Ekelund, 1967) and upper body 
exercise (Pimental et al., 1984). 
In able-bodied subjects the cardiovascular drift is related to the peripheral shift of 
blood volume for temperature regulation (Rowell, 1969). The "drift" is indicative 
of an increase in sympathetic activation (Smith et al., 1976). However as this is 
lacking to varying degrees in spinal cord injured patients (Glaser, 1985) it may 
help explain the plateau effect. It has also been suggested that during 
endurance exercise, for individuals with SCI, stroke volume may remain stable 
because the reduced active muscle mass will mean that there is less competition 
between the skin and the muscle mass for the blood volume as thermal load 
increases (Gass et al., 1981). Consequently heart rate may remain relatively 
stable. 
In summary, this study examined physiological and metabolic responses to a 
one hour endurance test at 80% TS (top speed). Selecting a% TS is a method 
currently adopted by wheelchair road racers for determining a training intensity 
for a session. During the endurance test at 80% TS, which is a training intensity 
frequently selected by athletes, corresponded to 64.6 ±13.5% V02 pk. This may 
mean that the concern expressed, at the start of the study, about 80% TS being 
too excessive as a training intensity for an individual was unfounded. The 
physiological and metabolic responses measured were indicative of steady state 
exercise with no signs of fatigue. Oxygen uptake and ventilation rate remained 
stable throughout the test; there was a shift towards fat metabolism; there was no 
cardiovascular drift; blood lactate concentration peaked after 15 minutes of 
exercise and then decreased during the rest of the hour; blood glucose 
concentration remained similar to that recorded at rest; the perceived rate of 
exertion remained similar throughout the test. The present study also showed 
that there was a wide variation in the relative exercise intensities represented at 
a% TS. It therefore appears that this method is not an appropriate way of 
selecting a common relative exercise intensity. Furthermore, the results of the 
study suggest that there may be a need for current training practices of 
wheelchair road racers to be modified. 
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CHAPTER 6. 
6. PHYSIOLOGICAL AND METABOLIC RESPONSES OF 
WHEELCHAIR ATHLETES, WITH DIFFERENT LEVELS 
OF SCI, TO PROLONGED EXERCISE AT 75% V02 pk. 
6.1 Introduction. 
In the last study (Chapter 5) it was shown that 80% top speed (TS) was 
equivalent to around 65% V02 pk. Furthermore, it was shown that simply 
selecting a% TS was not an appropriate way of predicting a common relative 
exercise intensity. Other studies which have examined the physiological and 
metabolic responses of wheelchair athletes to endurance exercise have also 
selected relative exercise intensities between 50% and 70% V02 pk (Gass et al., 
1981; Skrinar et al., 1982; Gass and Camp, 1987). 
In the study reported in Chapter 4 it was found that during endurance races 
wheelchair athletes are capable of maintaining speeds equivalent to around 
75% V02 pk. In the light of this information it would seem pertinent to examine 
the physiological and metabolic responses to endurance exercise at a fixed 
relative exercise intensity higher than previously selected, closer to that 
maintained during endurance races. 
Previous studies have also only investigated small numbers of subjects. This 
has made comparisons between different lesion levels and wheelchair racing 
classifications impossible. It is therefore appropriate to employ a larger group of 
wheelchair athletes to compare the physiological and metabolic responses to 
endurance exercise of wheelchair athletes of different racing class and lesion 
level. 
The main aims of the present study were therefore (a) to describe and examine 
some of the physiological and metabolic responses of a group of wheelchair 
athletes to 90 minutes of exercise at a relative exercise intensity of 75% V02 pk 
(b) to describe and examine these responses in relation to wheelchair racing 
class and lesion level. 
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6.2 Methods. 
6.2.1 Subjects. 
Twenty two wheelchair athletes volunteered to participate in this study. Each 
subject was required to complete a series of preliminary tests and a 90 minute 
endurance test. A subgroup of 16 subjects also volunteered to weigh and record 
their food intake for 7 days. 
Table 6.1 provides a summary of some of the personal and training 
characteristics of the group in this study. In the results section the wheelchair 
athletes are often grouped according to the Paralympic racing classification 
system (see Section 3.3). The personal and training characteristics of the group 
of athletes in each wheelchair racing class are shown in Table 6.1. Specific 
details for each subject are shown in Appendix D. 1. 
6.2.2 Preliminary tests. 
After being fully familiarised with wheelchair treadmill exercise a series of 
preliminary measurements were made. For each subject resting blood pressure 
was determined, lung function assessed, and a series of anthropometric 
measurements obtained as described in Chapter 3. Prior to the endurance test 
the subjects also undertook a series of preliminary treadmill tests which included 
the determination of (a) VO2 pk; (b) the oxygen cost at submaximal wheelchair 
propulsion speeds; (c) the relationship between blood lactate concentration and 
wheelchair propulsion speed. The protocols for these treadmill tests were 
described in Chapter 3. 
6.2.3 Endurance test: 90 minutes at 75% V02 pk. 
The main test required each subject to propel their own racing wheelchair for 90 
minutes at a speed equivalent to 75% V02 pk. 
Each athlete arrived at the laboratory in a rested state and at least 5 hours after 
their last meal. After resting quietly for 15 minutes, a5 minute expired air sample 
was collected for each subject (see Section 3.6). A 10 ml venous blood sample 
was then obtained from anantecubital vein for the determination of blood and 
plasma metabolite concentrations (see Section 3.8). A duplicate 20 µl capillary 
blood sample was also obtained from an ear lobe for the determination of blood 
glucose and blood lactate concentrations (see Section 3.8). Subjects were 
weighed (see Section 3.4) and 4 chest electrodes were attached to monitor 
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heart rate (see Section 3.5). After these preparations each subject followed their 
usual warm up procedures on the treadmill. 
On completion of their warm up each athlete commenced propelling their own 
"racing" wheelchair at a speed equivalent to approximately 75% V02 pk. One 
minute expired air samples were collected between minutes 3 and 4,9 and 10, 
14 and 15 and then every 15 min until the end of the test. Following each 15 
minute collection the subject stopped pushing and a duplicate capillary blood 
sample (20 µl) was taken from the ear lobe. As soon as the sample had been 
taken, which took approximately 20 s, the subject commenced pushing again. 
Heart rate was displayed throughout the test with a spot reading of heart rate, 
treadmill velocity and distance, recorded by the computer every 15 s. 
Water was available throughout the test. Immediately the test had been 
completed a 10 ml venous blood sample was obtained. It should also be 
mentioned that an attempt was made to monitor core and skin temperatures, 
however, technical problems were encountered and the results have, therefore, 
not been reported. 
6.2.4 Analyses. 
The analysis of expired air has previously been described (see Section 3.6). The 
capillary blood samples were analysed for blood lactate and blood glucose 
concentrations (see Section 3.8). The venous blood samples were analysed for 
plasma free fatty acid (FFA), glycerol, ammonia, urea, potassium and sodium 
concentrations. Additionally the resting blood sample was analysed for plasma 
total cholesterol concentration. The methods for these analyses have been 
described in Chapter 3 (see Section 3.8). The dietary information was analysed 
by the Loughborough University of Technology Sports Nutrition Service. 
6.3 Results. 
Twenty of the athletes completed the 90 minute endurance test at 75% V02 pk. 
The other 2 subjects terminated the test early and were therefore not included in 
any subsequent analysis. As there were only 3 subjects in the tetraplegic racing 
class (TK2) statistical analysis was limited to a description of their results. 
The lung function and resting blood pressure measurements together with the 
resting total cholesterol concentrations of the whole group (n=20) and each 
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subgroup (i. e. TK2 (n=3); TK3 (n=8); TK4 (n=9)) are shown in Table 6.2. There 
appeared to be a tendency for the racing class with the lowest lesion level 
athletes (TK4) to have a higher lung function (FVC and FEV1) (Table 6.2). 
However, there were no statistical differences between the lung function 
measurements of the paraplegic racing classes (TK3; TK4). The resting blood 
pressure of the tetraplegic racing class (TK2) appeared lower than both the 
paraplegic racing classes who recorded similar values (Table 6.2). 
The anthropometric characteristics of the group are shown in Table 6.3. When 
the athletes were grouped according to the Paralympic classification system few 
differences emerged between the three racing categories (Table 6.3). 
The physiological characteristics of this group of wheelchair athletes are shown 
in Table 6.4. When each racing class was considered the tetraplegic group 
(TK2) appeared to have lower peak oxygen uptake (V02 pk), heart rate (HR pk), 
and ventilation (VE pk) values than the two paraplegic classes (Table 6.4). 
Furthermore, there seemed to be a tendency for the higher peak values to be 
recorded by the racing class with the lowest lesion level athletes (TK4) (Table 
6.4). Despite this there were no statistical differences between the two 
paraplegic groups for any of these cardiorespiratory responses (TK3; TK4). A 
similar tendency was evident for each of the physiological and metabolic 
responses examined at submaximal exercise intensities equivalent to 
approximately 60%, 70%, 80% and 90% V02 pk (Table 6.5). 
During the 90 minute endurance test the group were exercising at about 75% 
V02 pk (74.1 ±3.9%). Some of the physiological and metabolic responses are 
shown in Table 6.6. Oxygen uptake (V02) and ventilation (VE) remained stable 
throughout the exercise (Table 6.6). Respiratory exchange ratio (R) decreased 
(p<0.01) from 0.90 ±0.08 after 4 min to 0.80 ±0.07 after 90 min (Table 6.3). Heart 
rate (HR) increased (p<0.05) from 151 ±19 b. min-1 after 4 min to 157 ±21 
b. min-1 after 10 min. The heart rate continued to increase gradually until the end 
of the test when the mean value was164 ±25 b. min-1 (Table 6.6), although this 
increase had not reached the prescribed level of statistical significance. After the 
initial increase (p<0.01) from rest, blood lactate concentrations (BLA) remained 
relatively stable at around 3 mmol. l-1 throughout the test (Table 6.6). The blood 
glucose concentrations (BGL) during the 90 minute exercise period were all 
similar to the resting value. However, the blood glucose concentration after 90 
min was lower (p<0.05) than the values recorded during the first hour of the test 
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Table 6.5 Selected physiological and metabolic responses to submaximal 
wheelchair treadmill exercise of increasing intensity for the 
whole group of wh eelchair athletes (n=20) and each wheelchair 
racing class (TK2 (n-3); TK3 (n=8); TK4 (n=9)) (mean ±SD). 
% VO2 pk 60 70 80 90 
Propulsion speed (m/s) 
Whole Gp 4.31 ±0.93 4.73 ±0.93 5.13 ±0.94 5.48 ±0.91 
TK2 3.24 ±0.28 3.69 ±0.44 4.11 ±0.50 4.59 ±0.52 
TK3 4.33 ±1.08 4.74 ±1.07 5.11 ±1.05 5.42 ±1.02 
TK4 4.65 ±0.68 5.08 ±0.69 5.49 ±0.72 5.83 ±0.74 
"02 (1/min) 
Whole Gp 1.25 ±0.41 1.40 ±0.43 1.60 ±0.49 1.82 ±0.54 
TK2 0.69 ±0.06 0.86 ±0.09 1.02 ±0.16 1.11 ±0.10 
TK3 1.33 ±0.42 1.47 ±0.42 1.64 ±0.49 1.88 ±0.55 
TK4 1.37 ±0.31 1.53 ±0.39 1.76 ±0.44 2.00 ±0.45 
'O2 (ml/kg/min) 
Whole Gp 19.5 ±5.9 21.8 ±6.1 24.9 ±6.8 28.3 ±7.7 
TK2 10.3 ±1.4 12.8 ±1.9 15.2+2.9 16.5 ±2.1 
TK3 20.5 ±6.4 22.7 ±6.5 25.4 ±7.2 29.0 ±7.9 
TK4 21.6 ±3.1 24.0 ±3.9 27.6 ±4.3 31.6 ±4.6 
VE (1/min) 
Whole Gp 34.99 ±12.23 41.46 ±14.04 49.01 ±16.18 60.22 ±20.30 
TK2 18.62 ±1.81 25.69 ±1.48 29.21 ±4.62 38.33 ±10.96 
TK3 36.73 ±9.48 43.10 ±9.62 51.61 ±12.69 60.88 ±16.71 
TK4 38.53 ±12.47 45.26 ±1 6.56 53.29 ±17.72 66.92 ±21.73 
HR (bt/min) 
Whole Gp 137 ±21 149 ±22 160 ±23 171 ±27 
TK2 94 ±9 102 ±6 112 ±6 112 ±3 
TK3 143 ±7 159 ±6 170 ±8 180 ±10 
TK4 145 ±13 157 ±13 168 ±13 182 ±8 
BLA (mmol/I) 
Whole Gp 1.63 ±0.38 2.29 ±0.78 3.27 ±1.33 5.56 ±1.33 
TK2 1.17 ±0.13 1.30 ±0.14 1.47 ±0.17 4.83 ±0.10 
TK3 1.65 ±0.47 2.52 ±0.92 3.91 ±1.38 5.48 ±1.39 
TK4 1.76 ±0.23 2.41 ±0.51 3.30 ±0.95 5.87 ±1.47 
PRE 
Whole gp 12 ±2 13 ±2 15 ±1 16 ±1 
TK2 12 ±1 14 ±1 15 ±1 17 ±1 
TK3 11 ±1 13 ±1 15 ±1 16 ±1 
TK4 12 ±2 13 ±2 14 ±2 16±2 
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(Table 6.6). The perceived rate of exertion (PRE) increased (p<0.01) from 12 ±1 
after 4 min to 16 ±1 after 90 min (Table 6.6). 
When the athletes were grouped according to racing class it appeared that, for 
each of the physiological and metabolic responses, the tetraplegic group (TK2) 
had lower values than both the paraplegic racing classes (TK3 and TK4) 
throughout the 90 minute endurance test at 75% V02 pk. The physiological and 
metabolic responses of the paraplegic race categories were similar (n. s). The 
mean exercise heart rate at 75% V02 pk of the tetraplegic racing class was 114 
±3 b. min-1. The mean heart rates of the TK3 and TK4 paraplegic racing classes 
were 165 ±2 b. min-1 and172 ±6 b. min-1 respectively (n. s). The tetraplegic group 
(TK2), compared with the paraplegic groups, appeared to have a lower heart 
rate at rest as well as throughout the exercise period (Fig. 6.1). Although the 
heart rates of the two paraplegic racing classes were similar (n. s) throughout the 
test, the heart rate of the TK4 group gradually increased during the test whereas, 
the heart rate of the TK3 group did not (Fig. 6.1). The tetraplegic group (TK2) 
also appeared to have lower R values than the paraplegic groups throughout the 
exercise period as well as at rest (Fig. 6.2). The responses of the TK3 and TK4 
racing classes were similar (n. s). The blood lactate concentrations of the 
tetraplegic group was around 1 mmol. l-1 lower than the paraplegic classes 
during the 90 minute test (Fig. 6.3). The blood glucose concentrations of each 
racing category were within the normal range during the test although the 
tetraplegic group recorded slightly lower values throughout (Fig. 6.4). After 90 
min the blood glucose concentration of each racing class appeared to have 
started to decrease from those recorded during the first hour of the test, however 
only for the TK4 group had the decrease reached the prescribed level of 
statistical significance (p<0.05). 
The mean distance covered in 90 min at 75% "02 pk by this group of 
wheelchair athletes was 26.60 ±4.95 km. The respective propulsion speeds of 
each racing class (TK2; TK3; TK4) were 3.98 ±0.58 m. s-1,4.92 ±1.07 m. s-1 and 
5.25 ±0.69 m. s-1 respectively. Despite this tendency there was no statistical 
difference between the propulsion speeds of the paraplegic racing classes (TK3 
and TK4). The estimated total energy expenditure was 2.7 ±0.7 MJ (647 ±178 
kcal) in this group of subjects. Of this total 1.1 ±0.6 MJ (261 ±149 kcal) were 
estimated as being derived from carbohydrate (CHO) metabolism (CHO: 40.3%; 
FAT: 59.7%). The mean estimated amount of CHO utilised during the 90 minute 
test was 69.7 ±39.8 g. The estimated total energy expenditure appeared to be 
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less for the tetraplegic group than the paraplegic racing classes (Table 6.7). This 
group (TK2) also appeared to derive less energy from CHO metabolism than the 
other racing categories (TK3 and TK4) both in absolute terms (Table 6.7) and in 
relative terms (Fig. 6.5). There were no differences between the paraplegic 
racing classes either in terms of total energy expenditure (Table 6.7) or the 
proportion of energy derived from CHO metabolism (Fig. 6.5). 
The estimated rate of energy expenditure remained relatively constant 
throughout the exercise period at a mean 30.2 ±8.3 kJ. min-1 (7.2 ±2.0 
kcal. min-1). The energy derived from CHO metabolism decreased (p<0.01) from 
20.2 ±11.2 kJ. min-1 after 4 minutes to 10.3 ±7.2 kJ. min-1 after 90 minutes (Fig. 
6.6). There was a similar tendency for each racing class (Table 6.8) although the 
estimated rate of energy expenditure for the tetraplegic group appeared to be 
lower throughout the exercise period than the paraplegic racing classes (Table 
6.8). The estimated rate of CHO metabolism (Table 6.8) and proportion of energy 
derived from CHO (Fig. 6.7) also appeared to be lower throughout the exercise 
period in this group. There were no differences between the paraplegic racing 
classes during the endurance test either in terms of the estimated rate of energy 
expenditure (Table 6.8) or the proportion of energy derived from carbohydrate 
metabolism (Fig. 6.7). 
The daily energy intake of the 16 wheelchair athletes who completed a7 day 
weighed food intake was 8.9 ±1.3 MJ. The quantities of the main dietary 
nutrients consumed per day are shown in Table 6.9. Of the total daily energy 
intake 51.5 ±7.2% was in the form of carbohydrate (Fig. 6.8). When the athletes 
were grouped according to wheelchair racing class few differences emerged 
between the categories (Table 6.9). 
The plasma free fatty acid (FFA) and glycerol concentrations increased (p<0.01) 
during the endurance test (Table 6.10). There appeared to be a tendency for the 
racing class with the lower lesion level athletes (TK4) to have higher FFA (Fig. 
6.9) and glycerol concentrations (Fig. 6.10). There were, however, no statistical 
differences between the paraplegic racing classes (TK3 and TK4). There were 
increases in plasma ammonia (p<0.01) and urea (p<0.05) concentrations during 
the 90 minutes of exercise (Table 6.10). A similar tendency emerged for these 
metabolites when the group was divided according to racing category (Fig. 6.11; 
Fig. 6.12). The plasma sodium concentration after 90 minutes was similar to that 
at rest (n. s), while the plasma potassium concentration had increased (p<0.05) 
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Figure 6.7 Estimated percentage contribution (%) from carbohydrate (CHO) 
and fat (FAT) during the 90 minute endurance test at 75% V02 pk 
for each wheelchair racing class. 
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by the end of the test (Table 6.10). When each racing class was considered 
seperately plasma sodium concentrations appeared to be similar both at rest 
and after the 90 minutes test (Fig. 6.13). The TK4 racing class had a lower 
(p<0.05) resting plasma potassium concentration than the TK3 racing class. By 
the end of the test there appeared to be a tendency for a higher potassium 
concentration in the TK2 racing class (Fig. 6.14). However, the difference 
between the the TK3 and TK4 racing classes was not statistically significant. 
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6.4 Discussion. 
The main finding of this study was that, in general, wheelchair athletes who 
compete in endurance races and train regularly are able to maintain propulsion 
speeds equivalent to 75% V02 pk for prolonged periods of time, irrespective of 
lesion level. Furthermore, while there were no differences between the 
physiological and metabolic responses of the paraplegic racing classes, the 
tetraplegic athletes appeared to show marked differences. 
The tetraplegic group only comprised of 3 athletes. The reason for the small 
sample size of this group is simply because there are only 3 tetraplegic athletes 
regularly competing in endurance races in the United Kingdom. One possible 
explanation for this may relate to the fact that the ability to thermoregulate is 
impaired to the greatest extent in this group (Normell, 1974; Attia and Engel, 
1984; Sawka et al., 1989). During exercise, especially under extremes of 
temperature, the consequences of the loss of sympathetic control for heat loss, 
(via vasomotor and sudomotor adjustments) over large areas of skin, is the 
inability to regulate body temperature (Sawka et al., 1989; Sawka et al., 1991). 
The most easily observable difference between tetraplegics and paraplegics is 
that tetraplegics appear not to sweat during exercise. As the ability to 
thermoregulate during exercise is effected to the greatest extent in tetraplegics it 
puts them at the greatest risk from temperature related problems during 
endurance races such as the marathon. Indeed the late Sir Ludwig Guttmann 
expressed particular concern about the participation of these athletes in distance 
racing and other endurance events for this reason (Corcoran et al., 1980). 
The results from the preliminary tests are consistent with those reported in 
Chapter 4. This is not suprising as most of the athletes in the present study also 
took part in the study reported in Chapter 4. The reasons for these results were 
discussed in detail in that chapter and will therefore not form the primary focus of 
this chapter. 
In the main test of this study the wheelchair athletes exercised for 90 minutes 
which is about twice as long as during the 10 km treadmill time trial reported in 
Chapter 4. Furthermore, this study used a fixed relative exercise intensity of 
75% V02 pk. These factors, therefore, offered a better opportunity to study the 
physiological and metabolic responses to endurance exercise. 
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There were a wide range of propulsion speeds (3.21-6.40 m. s-1) at 75% V02 pk 
with a tendency for a higher speed at this exercise intensity in the racing class 
comprising of the lowest lesion level athletes (TK4). As there was a similar 
tendency evident for a higher V02 pk in the TK4 group this was, perhaps, not 
suprising. However, it is interesting to reflect that while there was a mean 
difference of 39% between the V02 pk values of the TK2 and TK3 racing classes 
the difference between their respective speeds of propulsion was only 19%. This 
is further evidence, in addition to that presented in previous chapters, of the 
influence and importance of an economical propulsion technique for optimising 
endurance race performance times. 
During the endurance test the group were working at 74.1 ±3.9% "02 pk 
confirming that the preliminary tests were an appropriate way of predicting 
relative exercise intensity in this group of subjects. Twenty of the wheelchair 
athletes completed 90 minutes at 75% V02 pk. This indicates that the energy 
needs of the working muscles were primarily being met through aerobic 
metabolism (Jacobs, 1986). This may have been predicted from the blood 
lactate concentrations at propulsion speeds equivalent to approximately 60%, 
70%, 80% and 90% V02 pk which indicated that the rapid increase in blood 
lactate concentration, indicative of an increased contribution from anaerobic 
metabolism to energy provision, occurred above 75% V02 pk. 
During the 90 minute exercise test the gradual increase in heart rate commonly 
reported during endurance exercise in able-bodied subjects (Saltin and 
Stenberg, 1964; Rowell, 1974; Smith et al., 1976) was not observed in this group 
of wheelchair athletes. Indeed heart rate was found to stabilise after an initial 
increase during the first 10 minutes of exercise. The "plateauing" effect observed 
is, however, consistent with other wheelchair studies (Gass et al., 1981; 
Fitzgerald et al., 1982). In these studies the most probable explanation for this 
observation, as was suggested in the last Chapter, was the low relative exercise 
intensity of the prolonged wheelchair exercise undertaken (Gass et al., 1981; 
Fitzgerald et al., 1982). However, in the present study this is highly unlikely 
because the exercise intensity was around 75% V02 pk. This exercise intensity 
elicits cardiovascular drift during both able-bodied endurance leg (Saltin and 
Stenberg, 1964) and arm work (Pimental et al., 1984). 
In able-bodied subjects the rise in heart rate during prolonged submaximal 
exercise has largely been attributed to the need to compensate for a fall in stroke 
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volume in order to maintain cardiac output (Saltin and Stenberg, 1964; Rowell, 
1974). The main reason for a fall in stroke volume is thought to be related to the 
peripheral shift of blood volume for temperature regulation resulting in the 
compensatory increase in heart rate (Smith et al., 1976). The drift in heart rate is 
indicative of an increased sympathetic activation (Smith et al., 1976). 
In able-bodied subjects the mechanism for cardiovascular drift is thought to 
occur in the following way. As body temperature increases the central and 
peripheral thermoregulatory centres increase their input to the sympathetic 
centres. The increase in afferent information arriving at sympathetic centres of 
the hypothalamus is accompanied by an increase in the general sympathetic 
efferent outflow. This includes the sympathetic outflow to the heart, as well as the 
more specific increase. in the vasodilatory outflow to the skin and increased 
vasoconstrictor tone in the viscera (Smith et al., 1976). However, in SCI, the 
sympathetic nervous system (SNS) is disrupted to varying degrees depending 
on the lesion level (Glaser, 1985). The higher the level of the lesion the greater 
the loss of the SNS with a greater loss of afferent information from the central 
and peripheral thermoregulatory centres (Sawka et al., 1991) and the greater 
the loss of efferent sympathetic outflow (Glaser, 1985). It therefore seems 
feasible that the mechanism which results in cardiovasular drift for able-bodied 
subjects will be effected. 
From the above, a number of reasons may be offered to explain why no 
cardiovascular drift was evident in the present study. Firstly, it could be 
suggested that if stroke volume remained stable during the test there would be 
no need for a rise in heart rate to occur. For wheelchair athletes with a SCI it may 
be argued that this (a stable stoke volume) could occur because the active 
muscle mass is reduced, leading to less competition between the skin and 
muscle mass for the blood volume as the thermal load increases with the 
progression of exercise (Gass et al., 1981). However, Pimental and coworkers 
(1984) have found that heart rate does drift upwards during prolonged exercise 
with the arms. Although it should be pointed out that this study employed able- 
bodied subjects rather than individuals with a SCI which may make a difference. 
In addition, in the present study plasma volume had decreased by 6.5% by the 
end of the test which some authors have suggested is sufficient to cause a drop 
in stroke volume and subsequent increase in heart rate (Saltin and Stenberg, 
1964). 
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An alternative explanation to a stable stroke volume is that stroke volume did fall 
but heart rate did not compensate for the decrease due to an impairment of the 
mechanism responsible for causing cardiovasular drift which was described 
above. This would result in a fall in cardiac output and therefore a decrease in 
skin temperature and an increase in heat storage. 
Interestingly, when the athletes were grouped according to racing class the heart 
rate of the TK4 racing class was found to drift upwards during the 90 minute test, 
however for the TK3 racing class, comprising of athletes with lesions from T1 to 
T7, a plateauing effect was observed. The TK4 racing class have a larger muscle 
mass and the least disruption to the SNS. For these reasons and from the above 
discussion it may be expected that the TK4 group would be most likely to 
respond in a similar way to that regularly observed during prolonged exercise in 
able-bodied subjects (Pimental et al., 1984). The characteristic low heart rates of 
the tetraplegic group were observed throughout the 90 minute test which may 
serve, once again, to emphasise the effect of the lack of sympathetic innervation 
to the heart (Knuttson et al., 1973). 
Oxygen consumption (pushing economy) remained relatively stable throughout 
the test for this group of subjects. The result confirms that of the previous chapter 
and supports previous endurance studies on wheelchair athletes (Gass et al., 
1981; Fitzgerald et al., 1982; Gass and Camp, 1987). Furthermore, the oxygen 
uptake remained stable when the athletes were grouped according to racing 
class. Naturally, the oxygen uptake and also the ventilation rate of the TK2 group 
were much lower than the paraplegic groups throughout the test at 75% V02 pk 
simply reflecting the lower V02 pk of this group. 
Both ventilation rate and blood lactate concentration also remained stable 
throughout the 90 minute test. The latter result indicates that under the present 
conditions there was an equilibrium between lactate production and removal 
(Costill, 1986). These findings may help to explain the stability of pushing 
economy as was discussed in the last chapter. 
The progressive decrease in R value during the 90 minute test is indicative of a 
shift towards an increase in fat metabolism (Felig and Wahren, 1975; Piranay et 
al., 1982). The result confirms the similar findings reported in the previous 
chapters of this thesis. It is also consistent with other studies examining 
prolonged submaximal exercise (Costill, 1970; Pruett, 1970; Jansson, 1980; 
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Skrinar et al., 1982; Hardman and Williams, 1983; Gass and Camp, 1987). The 
estimated relative contribution from fat to energy provision after 4 minutes was 
33% and by the end of the test this had increased to 66%. The shift in substrate 
utilisation may have the effect of preserving the limited glycogen stores of the 
body. This is probably a consequence of a decrease in carbohydrate 
metabolism by increasing rates of fat oxidation by the glucose-fatty acid cycle 
(Randle et al., 1963; Newsholme and Start, 1973). However, recently 
Hargreaves and coworkers (1991) have shown that when FFA concentrations 
are increased muscle carbohydrate metabolism is only affected with regard to 
the uptake of glucose. They suggest that the effect may be by direct inhibition of 
glucose transport rather than by the glucose-fatty acid cycle (Hargreaves et al., 
1991). 
The shift in substrate utilisation was also observed for each racing class. When 
the paraplegic groups were compared there were no differences during the 
exercise period although the resting R value of the TK3 racing class was lower 
than for the TK4 racing class. Perhaps the most logical explanation for this would 
be that the athletes in the TK3 racing class were more highly trained than the 
athletes in the TK4 racing class. However, this idea is not supported by some of 
the other results found in this study. In this respect both groups had similar 
training characteristics, skinfold thicknesses, upper body circumferences and 
blood lactate concentrations at given submaximal relative exercise intensities 
which may suggest that the racing classes were of similar training status. The 
reasons for the finding are, therefore, unclear. 
The tetraplegic group (TK2) appeared to exhibit a lower R value, both at rest and 
throughout the test, than both paraplegic racing classes. This supports a similar 
result reported in Chapter 4 and suggests a greater contribution from fat 
metabolism for energy provision at all times in this group (TK2). In addition, the 
TK2 athletes appeared to have lower blood lactate concentrations throughout 
the endurance test than both the paraplegic racing classes which supports the 
idea of an increased fat metabolism. The blood lactate concentrations of the 
paraplegic groups were similar and remained stable throughout. 
In Chapter 4 it was suggested that the most likely reason for the greater 
contribution from fat metabolism to energy provision at all times during the the 10 
km treadmill time trial in the TK2 group related to a higher aerobic training status. 
In this study, as in the study reported in Chapter 4, the training regimes and 
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anthropometric characteristics of each racing class were, in general, similar. 
However, as in Chapter 4, the blood lactate concentrations at relative exercise 
intensities equivalent to approximately 60%, 70%, 80% and 90% of V02 pk 
appeared lower in the TK2 racing class which has been suggested to be 
indicative of a higher training status (Hurley et al., 1984; Ramsbottom et al., 
1989b). Furthermore the R value of the TK2 group also appeared lower at rest. 
From the discussion so far it seems that the lower R values and blood lactate 
concentrations of the TK2 group during the endurance test may be best 
explained by a higher aerobic training status in this group. 
While a higher aerobic training status of the TK2 group may be a logical and a 
satisfactory explanation of the greater contribution from fat metabolism, it is 
important to remember that the SNS plays an important role in the mobilisation 
of metabolic substrate during exercise (Christensen and Galbo, 1983; Bjorntorp, 
1991). As the SNS is disrupted, to varying degrees, in SCI it is necessary to give 
consideration to this factor at this juncture. 
The higher the level of lesion the greater the disruption to the SNS (Glaser, 
1985). In the present study, the TK2 racing class would, therefore, be expected 
to have a greater disruption to the SNS than the paraplegic athletes. The lower 
peak heart rate and resting blood pressure of this group, compared with both the 
paraplegic racing classes, may be evidence of this lack of full sympathetic drive 
(Mathias and Frankel, 1988). For tetraplegics (TK2) sympathetic innervation to 
many organs and tissues, including the adrenal medulla and many adipose 
tissue sites, would be expected to be disrupted (Johnson and Spalding, 1974). A 
lack of sympathetic innervation to the adrenal medulla would be expected to 
result in a reduced adrenaline. In support of this, while there are no reports of 
catecholamine concentrations during exercise of individuals with a SCI, clinical 
studies have reported lower resting catecholamine concentrations in tetraplegics 
(Debarge et al., 1974; Claus-Walker and Halstead, 1982; Mathias and Frankel, 
1988). Similarly, sympathetic innervation to adipose tissue will be disrupted to 
the greatest extent for tetraplegics because of their level of lesion. 
Increased SNS activity is probably the major determinant promoting an increase 
in lipolysis (Christensen and Galbo, 1983). Increased sympathetic activity with 
the release of noradrenaline from sympathetic nerve fibres in adipose tissue 
(Bjorntorp, 1991), as well as increases in circulating adrenaline from the adrenal 
medulla (Galbo, 1983), are known to increase lipolysis during exercise (Galbo, 
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1983). If the above is accepted, it appears that the disruption to the SNS of 
tetraplegic (TK2) athletes may be reason to believe that part of the pathway for 
increasing fat mobilisation would be effected, with the suggestion that fat 
mobilisation may be supressed. This would, evidently, not support the 
suggestion of a greater fat metabolism observed in the present study in this 
group. 
However, the above is not the whole story. Firstly, there are intramuscular fat 
stores whicrdo notneed the involvement of adrenaline (Bjorntorp, 1991). 
Additionally, sympathoadrenal activity also influences substrate mobilisation in 
the exercising muscle (Christensen and Galbo, 1983). In this respect, while 
muscular contraction per se stimulates muscle glycogenolysis it has been 
suggested that adrenaline enhances this process (Richter, Ruderman, Gavras, 
Belur and Galbo, 1982; Jansson et al., 1986; Hargreaves and Richter, 1988). 
Furthermore, the direct effect of adrenaline has been described as essential for 
continued muscle glycogenolysis (Christensen and Galbo, 1983), with the effect 
of direct sympathetic neural activity of minor importance (Richter, Galbo and 
Christensen, 1981; Christensen and Galbo, 1983; Hargreaves and Richter, 
1988). If the TK2 group have no sympathetic innervation of the adrenal medulla, 
as suggested, it would lead to a reduced adrenaline release. If the above is 
accepted then it may be that the glycogenolytic rate is not enhanced in this 
group compared with the paraplegic racing classes. This may be reflected by 
lower blood lactate concentrations. In the present study the blood lactate 
concentrations of the TK2 group were lower throughout the endurance test than 
both paraplegic racing classes. Furthermore, the suggestion is that, despite the 
reduced adrenaline and noradrenaline release expected, the TK2 group were 
able to mobilise fat and provide the increased rate of fat oxidation required to 
meet the energy requirements of the exercising muscle, through other means 
other than sympathoadrenal stimulation. 
The availabilty of insulin has been cited as of importance for increased lipolysis 
with low insulin concentrations associated with increased lipolysis (Galbo, 
1983). Low insulin concentrations have been shown to be largely due to 
increased sympathoadrenal activity and largely reflect increased a-adrenergic 
activity rather than increased adrenaline activity (Galbo, 1983). Clearly this does 
not aid our explanation, however, low insulin concentrations can also result from 
low blood glucose concentrations. It is therefore interesting that throughout the 
test the blood glucose concentrations of the TK2 group appeared lower than the 
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other two racing classes. Clinical studies have also shown that tetraplegics have 
resting blood glucose concentrations in the low normal range (Claus-Walker and 
Halstead, 1982). 
While the above may seem complex the important point to realise is that the 
SNS is disrupted in SCI and as consequence this may effect substrate 
mobilisation and utilisation possibly in the way described above. Furthermore, 
while the focus of this discussion has been on aspects of CHO and fat 
metabolism, it is interesting to note that in adrenodemedullated rats, protein 
metabolism increased through an increased amino acid degradation (Galbo, 
1983). In the present study there was no evidence of an increased protein 
metabolism in the TK2 racing class compared with the paraplegic racing 
classes. This was reflected by the plasma ammonia and urea concentrations 
which will be discussed shortly. 
Bearing in mind the above discussion, some may argue that, because there is a 
progressive increase in sympathetic innervation with decreasing lesion level, 
perhaps the TK3 racing class would exhibit blood lactate and R value responses 
between the TK2 and TK4 racing classes. The finding that this was not the case 
may suggest that the adrenal medulla was innervated in this group. There is 
debate as to the level at which sympathetic innervation of the adrenal medulla 
occurs but it seems that the general consensus of opinion suggests it occurs 
from T5 downwards. Out of the 8 athletes in this racing class, the injury level for 6 
of them was at or below this level. 
The lower R values and blood lactate concentrations of the TK2 racing class 
suggest that this group were metabolising more fat throughout the 90 minute 
exercise test than the paraplegic racing classes. Indeed it was estimated that the 
proportion of energy from fat during the test was 82.5% for the TK2 group 
compared with 56.2% for the TK3 racing class and 57.8% for the TK4 racing 
class. 
Plasma FFA and glycerol concentrations increased during the 90 minutes of 
exercise. This has been suggested to be indicative of an increased rate of 
lipolysis and subsequent utilisation by active tissues as an energy substrate 
(Hultman and Sjoholm, 1983). When the athletes were grouped according to 
racing class there appeared to be a tendency for higher FFA and glycerol 
concentrations in the racing class with the lowest lesion level athletes (TK4). 
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This appears to contradict the idea that the TK2 group were metabolising more 
fat than the paraplegic racing classes. However, doubt can be cast on the 
importance of the concentrations of fat metabolites as indicators of fat 
metabolism. In this respect intramuscular fat stores may have also contributed to 
fat metabolism during the exercise (Bjorntorp, 1991), with evidence that this 
contribution is increased after training (Hurley, Nemeth, Martin, Hagberg, Dalsky 
and Holloszy, 1986). Furthermore, some studies have reported increases in fat 
metabolism following training but reported either no differences (Hickson, 
Hagberg, Conlee, Jones, Ehansi and Winder, 1979; Hardman, 1982; Hardman, 
Williams and Boobis, 1987) or decreases (Bransford and Howley, 1979) in post- 
exercise plasma FFA concentrations, after training (Bransford and Howley, 1979; 
Hickson et al., 1979; Hardman, 1982; Hardman et al., 1987). 
The tendency for a higher plasma FFA and glycerol concentrations with 
decreasing lesion level seems most easily explained by the increasing muscle 
mass with decreasing lesion level. In support of this idea a similar tendency 
emerged for plasma ammonia and urea concentrations. However, it must be 
remembered that the groups were working at the same relative exercise intensity 
which may be expected to elicit a similar metabolic response. Nevertheless, the 
suggestion from these plasma metabolite results is that the greater the muscle 
mass the greater the concentration of a metabolite despite the fact the groups 
were working at the same relative exercise intensity. It should also be realised 
that, while there was a tendency, there was no statistical difference between the 
two paraplegic groups for any of the responses. 
In this study, during the first hour blood glucose concentrations remained stable 
which may indicate that the muscle uptake of glucose was in equilibrium with 
liver output (Costill, 1986). By the end of the test the blood glucose 
concentrations had decreased from those recorded after 1 hour, although it 
should be remembered that all the values recorded in the present study were 
within the normal range. Nevertheless, the decrease in blood glucose 
concentration is consistent with running studies, which have suggested that 
glucose makes more of a contribution to muscle metabolism during the latter 
stages of prolonged submaximal exercise (Williams et al., 1990). 
When the athletes were grouped according to racing class, the blood glucose 
concentrations of the TK2 group, as mentioned earlier, appeared lower 
throughout the test. It is suggested that this may reflect a reduced hepatic 
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glycogenolysis. Adrenaline while not essential for liver glycogenolysis (Carlson, 
Marker, Arnall, Terry, Yang, Lindsay, Bracken and Winder, 1985) is, along with 
glucagon, generally regarded as playing an important role (Galbo, 1983; Naveri 
et al., 1985; Brooks et al., 1988). If, as suggested earlier, this group (TK2) have 
no sympathetic innervation of the adrenal medulla it is possible that hepatic 
glycogenolysis will not be enhanced during exercise. This may, to some extent, 
explain the lower blood glucose concentrations observed. 
The estimated total energy expenditure for the group was 2.7 MJ over an 
average distance of 26.6 km covered in 90 minutes. This is considerably less 
than expended during running over a similar distance, at a similar relative 
exercise intensity and speed for a similar length of time (Fallowfield and 
Williams, in press). This may be an indication that wheelchair athletes are able 
to propel their racing wheelchairs at a lower energy expenditure than running at 
the same speed. Of the total energy expenditure, 1.1 MJ or 52% was estimated 
as being derived from carbohydrate (CHO). The amount of CHO oxidised was 
estimated as around 70 g and therefore about half that oxidised during 90 
minutes work at a similar exercise intensity (Fallowfield and Williams, in press). 
For able-bodied subjects the total body carbohydrate stores have been 
estimated to be around 440 g (350 g muscle and 90 g in the liver (Newsholme, 
1983). However, SCI results in the loss of muscle and therefore CHO stores. The 
total body stores of CHO for SCI individuals have not been calculated but it 
seems reasonable to assume that the greater the loss of muscle mass the 
greater the loss of CHO stores. Despite this, it is speculated that as the energy 
expenditure appears much lower for SCI athletes at a given speed than for 
runners, it may mean that glycogen depletion and fatigue will take longer to 
occur. This proposal has still to be established. 
The estimated total energy expenditure of 2.7 MJ during the 90 minute test at 
75% V02 pk represented around 30% of total daily energy intake. The daily 
energy intake of 8.9 MJ for this group of wheelchair athletes is, therefore, much 
less than able-bodied subjects (Williams et al., 1984; Wootton, 1984; Fallowfield 
and Williams, in press). This is perhaps not suprising with the loss of muscle 
mass which accompanies SCI. However, there were no major differences 
evident between the racing classes with a tendency for the highest lesion level 
athletes to have a greater daily energy intake. The value of 8.9 MJ is also less 
than that for the only other report of daily energy intake of SCI individuals 
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(Clarke, 1966). These individuals were based at an institution and therefore did 
not have total contol of their diet which may account for some of the difference. 
They also were not athletes and perhaps not as well informed concerning 
nutrition as the present group appeared to be. In this respect, for the group and 
each racing class, the proportion of CHO to total daily energy intake was greater 
than 50% which is similar to that reported for 10 elite male marathon runners 
(Williams et al., 1984) and in line with the recommendations of health 
professionals (COMA, 1984) and the concensus view of experts on sports 
nutrition (Devlin and Williams, 1991). 
During the test the relative contributions of CHO and fat to total energy 
expenditure of the paraplegic racing classes (TK3; TK4) were estimated as 42% 
CHO and 58% fat for the TK3 racing class, and 44% CHO and 56% fat for the 
TK4 racing class. During prolonged running at 70% V02 max the proportion of 
energy from fat metabolism has been estimated to cover around 70% of the 
energy requirement (Sahlin, 1986) although in a recent study the proportion 
reported was closer to 50% (Fallowfield and Williams, in press). Therefore, the 
results of the TK3 and TK4 groups may be regarded as being consistent with 
able-bodied subjects. However, for the tetraplegic group the relative 
contributions from CHO and fat were 17% and 83% respectively. The possible 
reasons for this finding have been discussed earlier. 
In the present study, the method used to estimate the relative contributions of 
CHO and fat to energy provison assumes that there is no protein metabolism. 
However, a number of studies have suggested that, for able-bodied subjects, 
protein metabolism does increase during prolonged submaximal exericise 
(Maclean et al., 1991). Indeed it has been indicated that protein metabolism may 
provide as much as 10% of the total energy expenditure under conditions of low 
muscle glycogen (Brooks, 1987). In the present study there was some evidence 
that protein metabolism did provide some contribution to total energy 
expenditure for this group of wheelchair athletes. This is suggested because at 
the end of the 90 minute test the plasma ammonia and urea concentrations had 
increased. The resting plasma ammonia of this group of wheelchair athletes was 
similar to that reported for able-bodied subjects (Maclean et al., 1991). To the 
author's knowledge, there are no previous reports of plasma ammonia 
concentrations after prolonged submaximal arm exercise for either wheelchair 
users or able-bodied subjects, but the changes found are consistent with able- 
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bodied endurance running and cycling studies (Graham et al., 1987; Broberg 
and Sahlin, 1988; Maclean et al., 1991). 
Increases in plasma ammonia concentrations during submaximal exercise have 
been suggested to be the result of an increased rate of production by the active 
muscles (Eriksson et al., 1985). The possible reasons for an increased 
production rate of ammonia during prolonged exercise may be due to an 
increased oxidation of amino acids (Maclean et al., 1991) and / or an increased 
activity of the purine nucleotide cycle (PNC) (Broberg and Sahlin, 1989). 
It has recently been suggested that the major source of ammonia during 
prolonged submaximal exercise is from the degradation of branched chain 
amino acids (Maclean et al., 1991). This degradation, which primarily takes 
place in the liver (Stryer, 1988), produces carbon skeletons, used ultimately as a 
source of energy, and a-amino groups. The a-amino groups are converted to 
ammonium ions by the oxidative deamination of glutamate, a reaction which is 
catalysed by glutamatedehydrogenase (GDH) (Lowenstein, 1972). 
An alternative explanation for the increased plasma ammonia after 90 minutes of 
submaximal exercise could be an increased activity of the purine nucleotide 
cycle (PNC) (Broberg and Sahlin, 1989). In this cycle ammonia production is 
increased as a result of the deamination of AMP (adenosine monophosphate) to 
IMP (inosine 5-monophosphate). This reaction depends on the activity of AMP 
deaminase which catalyses it (Lowenstein, 1972). However, recently, data has 
been presented that suggests that the activity of this enzyme is likely to be 
minimal during prolonged exercise (Maclean et al., 1991). This was suggested 
because the modulators of the activity of AMP deaminase did not change during 
the exercise. Further support for this concept is suggested by those studies 
which have indicated that the activity of AMP deaminase is greater in fast twitch 
(FT) fibres compared to slow twitch (ST) muscle fibres (Broberg and Sahlin, 
1988). During prolonged running or cycling it is slow twitch fibres which are 
primarily recruited, with the contribution from FT fibres, increasing, as fatigue 
approaches (Maclean et al., 1991). There is also evidence that this is the case 
during wheelchair endurance exercise (Skrinar et al., 1982). This study 
employed very slow propulsion speeds and reported low concentrations of 
glycogen in the ST muscle fibres at the end of an endurance test. However, it 
seems sensible to suggest that the increases in plasma ammonia observed in 
the present study will have been primarily from the degradation of amino acids 
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with the contribution from PNC activity most likely towards the end of the 
endurance test. 
Excess ammonia, not required for the biosynthesis of nitrogen, is converted to 
urea and excreted (Stryer, 1988). This may explain why plasma urea 
concentrations were elevated at the end of the test. As far as each wheelchair 
racing class was concerned there was a tendency for higher concentrations of 
plasma ammonia and urea in the racing class with the lowest lesion level 
athletes (TK4). Taken with the FFA and glycerol results it is suggested, as was 
mentioned earlier, that the most likely explanation of the results relates to an 
increase in muscle mass with decreasing level of SCI. 
Plasma potassium concentrations had increased above resting values by the 
end of the 90 minute endurance test. An increase in plasma potassium as a 
result of exercise is consistent with studies on able-bodied subjects (Wilkerson, 
Horvath, Gutin, Molnar and Diaz, 1982; Nielson, Sjogaard and Bond-Petersen, 
1984; Castellino, Simonson and DeFronzo, 1987). However, the magnitude of 
the increase was not as great as observed after 20 minutes treadmill running at 
a similar relative exercise intensity (Wilkerson et al., 1982). The reason for this 
may relate to the smaller exercising muscle mass of the subjects in the present 
study or because the exercise time was longer. The latter factor has been 
suggested to result in a tendency for plasma potassium to decrease towards 
resting concentrations (Lindinger and Sjogaard, 1991). Whatever the reason, 
the increase in plasma potassium reflects a decrease in intracellular potassium 
as well as the decrease in plasma volume (Lindinger and Sjogaard, 1991). 
In the present study, while there was an increase in plasma potassium, no 
change was observed in plasma sodium as a result of the endurance test. 
Evidently if intracellular sodium increased, as would be expected, the sodium 
did not appear to be derived from the plasma. In an attempt to maintain 
potassium at pre-exercise concentrations and to avoid potassium reaching toxic 
levels in the plasma there is an increased uptake by non-contracting muscles 
and tissues and reuptake by contracting muscles (Sjogaard, 1986). This is 
achieved by an increased activity of the Na+/K+ pump (Clausen and Everts, 
1989). The activity is effected by intracellular sodium concentrations and 
hormones such as thyroid, insulin, aldosterone but primarily by adrenaline 
(Clausen and Everts, 1989). It is an increase in ß-adrenoceptor stimulation from 
exercise induced adrenaline which has been reported to increase the pump 
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activity and is thought to be an important modulator of potassium during exercise 
and recovery (Lindinger and Sjogaard, 1991). It is therefore interesting that, 
when the athletes were grouped according to racing class there appeared to be 
a tendency for a higher post-exercise plasma potassium in the racing class with 
the highest lesion level athletes (TK2). As this group (TK2) have no sympathetic 
innervation of the adrenal medulla it may be suggested that this could help to 
explain the tendency for an increased plasma potassium concentration in this 
group. In addition, because this group have the least available active and 
inactive muscle mass, it may mean that the potential for uptake of potassium is 
reduced, which may also help to explain the finding. 
Finally this group of wheelchair athletes had a resting total cholesterol 
concentration which was within the normal range for the general population 
(Mann, Lewis, Shepherd, Winder, Fenster, Rose and Morgan, 1988). 
Furthermore, the value is lower than has been reported for able-bodied 
sedentary control groups and sedentary wheelchair users, but is consistent with 
the values reported for wheelchair athletes (Brenes et al., 1986; Dearwater et al., 
1986). The present study also showed that the resting total cholesterol 
concentration was not related the level of SCI, because there were no 
differences between the athletes when grouped according to wheelchair racing 
class. As individuals with SCI, who are sedentary, have been reported to be at 
greater risk of coronary heart disease than the general population (Le and Price, 
1982; Laporte et al., 1983), this result may be an indication of one of the benefits 
of undertaking regular endurance exercise. This may, on it s own, be reason 
enough to justify the case for exercise for individuals with a SCI. 
Despite the small number of tetraplegics in the present study the results appear 
to suggest that there are physiological and metabolic differences between 
tetraplegics (TK2) and paraplegics (TK3 and TK4) during endurance exercise at 
a relative exercise intensity of 75% V02 pk. The tetraplegics have the least 
muscle mass available for exercise and this may explain some of the differences 
observed. By the same token it may be argued that some differences may have 
also been expected between the paraplegic racing classes. However, there 
were no statistical differences between them on any of the physiological or 
metabolic responses. It is therefore suggested that some of the differences seen 
between the paraplegics and tetraplegics may also relate to a greater disruption 
of the sympathetic nervous system in the tetraplegics. Meanwhile, the overall 
similarity of the physiological and metabolic responses of the TK3 and TK4 
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racing classes may suggest that the greater SNS disruption of the TK3 group 
was not of importance to the responses examined during the test or that the 
endurance test did not require a sufficient contribution from the SNS to 
distinguish between the paraplegic racing classes. Furthermore, any difference 
in the integrity of the SNS between the two groups did not affect the ability to 
perform the 90 minute test at 75% V02 pk. 
In conclusion, wheelchair athletes who compete in endurance races and train 
regularly are capable, in general, of maintaining speeds equivalent to 75% V02 
pk for prolonged periods of time irrespective of their level of SCI. This is despite 
the physiological and metabolic differences which seem to exist between 
paraplegics and tetraplegics. 
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CHAPTER 7. 
7. PHYSIOLOGICAL AND METABOLIC RESPONSES OF 
WHEELCHAIR ATHLETES, WITH DIFFERENT LEVELS 
OF SCI, TO BRIEF HIGH INTENSITY EXERCISE. 
7.1 Introduction. 
The studies reported in the previous three chapters of this thesis have described 
the physiological and metabolic responses of wheelchair athletes to endurance 
exercise. These studies have shown no differences between the responses of 
paraplegics but marked differences in the responses of the tetraplegics. 
Not unlike able-bodied sport there are more wheelchair users participating and 
competing in sports which Williams (1987) describes as multiple sprint sports, for 
example wheelchair basketball. Despite this, there is little known about the 
physiological and metabolic responses of paraplegics and tetraplegics to brief 
high intensity exercise. 
For able-bodied subjects the Wingate test offers a way of studying the responses 
to brief high intensity exercise (Bar-Or et al., 1977), and has been extensively 
used (Winter, 1991). This test requires a 30 s maximal effort at a recommended 
frictional loading to elicit maximum power output. The test has the advantage 
that it produces a high PPO in a short space time and allows the deterioration in 
performance to be followed over the remainder of the test. The test is of fixed 
duration but is open-ended in terms of the power output which can be 
generated. This allows individuals to generate as much power output as they are 
capable of, in the 30 s time period. As this is the case, it makes comparisons 
between the physiological and metabolic responses of subjects difficult, as the 
power outputs generated are, more often than not, different. Two tests which 
would enable comparisons to be made between individuals are: (i) a test which 
requires subjects to perform at a given power output for a fixed period of time; (ii) 
a test which requires subjects to perform at a set relative exercise intensity for a 
fixed period of time. 
In the present study 3 tests were therefore selected to give a comprehensive 
description of the physiological and metabolic responses of wheelchair athletes 
to brief high intensity exercise. These were: (i) a 20 s fixed work test designed to 
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examine and compare responses to a similar amount of work; (ii) a 30 s arm 
sprint to examine sprint performance and responses to a maximal effort; (iii) a 30 
s test designed to compare responses at the same relative exercise intensity. 
The main aims of the present study were therefore (a) to examine the sprint 
performance of wheelchair athletes (b) to describe and compare the 
physiological and metabolic responses of wheelchair athletes of different lesion 
level to high intensity exercise (c) to examine the influence of lesion level on the 
physiological and metabolic responses to high intensity exercise. 
7.2 Methods. 
7.2.1 Subjects. 
Thirty wheelchair athletes with a SCI volunteered to participate in the study. 
Table 7.1 provides a summary of some of the personal and training 
characteristics of the group. In the results section the athletes are grouped 
according to the Paralympic classification system (see Section 3.3). The 
personal and training characteristics of the group of athletes in each wheelchair 
racing class are shown in Table 7.1. Specific details for each subject are shown 
in Appendix D. 1. 
7.2.2 Preliminary tests. 
After being fully familiarised with sprinting using an arm crank ergometer as 
described in Chapter 3a series of preliminary measurements were made. For 
each subject resting blood pressure was determined, lung function assessed, 
and a series of anthropometric measurements obtained as described in 
Chapter 3. 
7.2.3 The test protocols. 
On the day of the main tests subjects arrived at the laboratory at least 4 hours 
after their last meal. After resting quietly for 15 min a5 minute expired air sample 
was collected (see Section 3.6) for each subject. Subjects were weighed (see 
Section 3.4) and chest electrodes positioned for monitoring heart rate (see 
Section 3.5). A catheter (21 gauge) was then inserted into a vein in the lower 
arm. With the subject in a rested state a 10 ml venous blood sample was 
obtained. Each athlete then performed a series of 3 tests which were at least one 
hour apart. The subjects completed the series of tests in the same order. Prior to 
each test the subjects completed a5 minute standardised warm up which was 
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submaximal in nature and served to refamiliarise the subjects with arm cranking. 
After the warm up subjects rested for 5 min prior to commencing each test. 
(i) Test 1: Fixed work test. 
Each subject performed 20 s of work at a cranking rate of 140 rpm with a load of 
2 kg applied. Heart rate was recorded every 5 seconds during the exercise and 
during the first 5 min of recovery. Venous blood samples were obtained 
immediately after the test and 5 min after the test. 
(ii) Test 2: A 30 s arm sprint. 
Each subject performed a maximal 30 s sprint using the arm crank ergometer. 
The subjects were asked to crank maximally from the start of the test and were 
verbally encouraged throughout. The load applied was related to body weight 
and for the TK3 and TK4 racing classes it was 60 g. kg-1 and for the TK2 group 
30 g. kg-1. The power output generated during the test was logged by a 
computer and the results integrated over one second time intervals. Heart rate 
was recorded every 5s during the test and for 15 min during passive recovery. 
Venous blood samples were obtained at rest, immediately after exercise and at 
5 min, 15 min, 30 min, 45 min and 60 min post-exercise recovery. Samples of 
expired air were collected during the 30 s sprint and during the 15 min post- 
exercise recovery period. 
(iii) Test 3: Relative exercise intensity test. 
Each subject performed 30 s work at 80% of the mean power output (MPO) 
achieved during the sprint (Test 2). Heart rate was recorded during the test and 
during the first 5 min of passive recovery. A venous blood sample was obtained 
at rest, on completion of the test and after 5 min passive recovery. 
(iv) Peak oxygen uptake. 
On a separate occasion peak oxygen uptake (V02 pk) was determined on the 
arm crank ergometer using the protocol previously described in Chapter 3 (see 
Section 3.2.6). 
(v) Exercise responses to submaximal arm crank ergometry. 
A subgroup of 12 subjects agreed to perform an incremental exercise test at 
relative exercise intensities equivalent to approximately 60%, 70%, 80% and 
90% V02 pk to determine (a) the oxygen cost at these submaximal work loads; 
(b) the relationship between blood lactate concentration and work load. The 
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protocol for this test has previously been described in Chapter 3 (see Section 
3.2.7). 
7.2.4 Analyses. 
The analysis of expired air has previously been described (see Section 3.6). The 
venous blood samples were analysed for blood lactate, blood glucose, plasma 
ammonia, sodium and potassium concentrations. Additionally the resting blood 
sample was analysed for plasma total cholesterol concentration. The methods 
for these analyses have been described in Chapter 3 (see Section 3.8). It 
should also be noted that attempts were made to measure plasma 
catecholamine concentrations, however, technical problems were encountered 
and the results have therefore not been reported. 
7.3 Results. 
The results are presented under the following headings: 7.3.1 Preliminary tests; 
7.3.2 Test 1: Responses to a 20 s fixed work test; 7.3.3 Test 2: Responses to a 30 
s arm sprint; 7.3.4 Responses to a 30 s relative exercise intensity test at 80% 
MPO. 
7.3.1 Preliminary tests. 
The lung function and the blood pressure measurements together with the 
resting total cholesterol concentrations of the whole group (n=30) and each 
subgroup (i. e TK2 (n=7); TK3 (n=10); TK4 (n=13) are shown in Table 7.2. There 
appeared to be a tendency toward an improved lung function in the racing class 
with the lowest lesion level athletes (TK4). However, there were no statistical 
differences between the lung functions of the paraplegic groups (TK3 and TK4) 
and only the %FEV1 (FEV1/FVC x 100) of the TK2 group was lower (p<0.05) 
than both the paraplegic groups (Table 7.2). The resting blood pressure of the 
TK2 group was also lower (p<0.05) than both the other racing classes. There 
was no difference between the blood pressures of the TK3 and TK4 racing 
classes. The resting total cholesterol concentrations of each group were similar 
(Table 7.2). 
The anthropometric characteristics of the group (n=30) are shown in Table 7.3. 
There was a wide range of values for each anthropometric measurement. When 
the group was divided according to racing class there appeared to be a 
tendency towards larger upper body circumferences in the group consisting of 
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athletes with the lowest lesion levels (TK4). However, the only statistical 
difference between the groups, in this respect, was that the TK2 group had a 
smaller arm circumference than the TK4 group (p<0.05). The skinfold 
thicknesses of the groups were similar (n. s) (Table 7.3) although the body weight 
of the TK3 group was less than the other two groups (p<0.05). 
The physiological characteristics of the group are shown in Table 7.4. The mean 
V02 pk of the group was 1.80 ±0.67 I. min-1. When each racing class was 
considered the tetraplegic group (TK2) had lower (p<0.01) peak oxygen uptake 
(V02 pk), heart rate (HR pk) and ventilation (VE pk) values than the two 
paraplegic classes (Table 7.4). In addition there seemed to be a tendency 
towards higher peak values in the racing class with the lowest lesion level 
athletes (TK4). Despite. this there were no statistical differences between the two 
paraplegic racing classes (Table 7.4). 
Some of the physiological responses, for a subgroup of 12 wheelchair athletes, 
to arm cranking exercise over a range of submaximal exercise intensities are 
shown in Table 7.5. There was a linear relationship between oxygen uptake and 
exercise intensity (Fig. 7.1) and between blood lactate concentration and 
exercise intensity (Fig. 7.2). 
7.3.2 Test 1: Responses to a 20 s fixed work test. 
(ii) Performance. 
The average amount of work done by the group (n=30) was 2194.4 ±111.9 J. 
When the three racing classes were compared (TK2 (n=7); TK3 (n=10); TK4 
(n=13) the amount of work done by each was similar (n. s) (Table 7.6). 
(ii) Blood lactate and glucose. 
The blood lactate response of each racing class to the 20 s fixed work test is 
shown in Figure 7.3. Statistical analysis showed an interaction (p<0.01) between 
sampling time and the racing classes. This combined effect indicates that 
although blood lactate concentrations changed during exercise and recovery the 
extent of the changes differed between the racing classes. At rest blood lactate 
concentration was similar for each group. By the end of the test the blood lactate 
concentration of each group had increased (p<0.01). However, the blood lactate 
concentration of the TK4 racing class was lower (p<0.01) than in the other two 
groups, whereas the values of theTK2 and TK3 racing classes were similar 
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(Fig. 7.3). After 5 min recovery the blood lactate concentration of each group had 
started to decrease from those values achieved immediately after the test. But 
only in the TK3 racing class was this decrease statistically significant (p<0.05). 
There were no differences between the blood glucose concentrations of each 
group before or after exercise (Fig. 7.4). There appeared to be a tendency for the 
blood glucose concentration to be elevated immediately after the test for each 
group, however, the increases did not reach the prescribed level of statistical 
significance. After 5 min passive recovery the blood glucose concentration of the 
TK3 racing class had decreased (p<0.05). No change in blood glucose 
concentration was evident for either the TK2 or TK4 racing class after 5 min 
passive recovery. 
(iii) Plasma ammonia. 
The changes in plasma ammonia concentration after the 20 s fixed work test are 
shown in Figure 7.5. At rest the plasma ammonia concentration of each group 
was similar. The post-exercise plasma ammonia concentration was higher than 
at rest for each group (p<0.05). The post-exercise plasma ammonia 
concentrations recorded for the TK2, TK3 and TK4 racing classes were 144.9 
±61.1 umol. l-1,96.1 ±25.6 umol. l-1,69.8 ±36.2 umol. l-1 respectively. The 
plasma ammonia concentration of the TK2 racing class was higher (p<0.05) than 
for the other two racing classes. Despite the tendency towards a higher post- 
exercise plasma ammonia concentration for the racing class with the highest 
lesions (TK2), the difference between the values of the TK3 and TK4 racing 
classes was not statistically significant (Fig. 7.5). After 5 min passive recovery the 
plasma ammonia concentration of each group had started to decrease. The 
decrease achieved statistical significance in the case of the TK3 racing class 
(p<0.05). 
(iv) Plasma electrolytes. 
The changes in plasma potassium in response to the 20 s fixed work test are 
shown in Figure 7.6. At rest the plasma potassium concentration of the TK4 
racing class was lower (p<0.05) than both the other racing classes. The test 
resulted in an increase in plasma potassium concentration for the TK2 and TK4 
racing classes (p<0.05) but not for the TK3 racing class. There appeared to be a 
tendency toward the highest plasma potassium values being achieved by the 
racing class with highest lesion levels (TK2) (Fig. 7.6). Although this group (TK2) 
had a higher post-exercise concentration (p<0.05) than the TK4 racing class 
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there was no statistical difference between the values of the TK2 and TK3 racing 
class or the TK3 and TK4 racing class. After 5 min passive recovery the plasma 
potassium concentrations had returned to pre-exercise levels (Fig. 7.6). 
There were no differences between the plasma sodium concentrations of each 
group at any of the sampling times. In addition the 20 s fixed work test caused no 
change in plasma sodium concentration for any of the groups (Fig. 7.7). 
(v) Change in Plasma volume. 
The 20 s fixed work test resulted in similar post-exercise decreases in plasma 
volume, irrespective of the racing class. The decrease in plasma volume was 
7.0 ±4.8% for the TK2 racing class, 9.5 ±2.0% for the TK3 racing class and 
4.6 ±2.1 % for the TK4 racing class (n. s). The greatest decrease in percentage 
plasma volume for each group was recorded immediately after the test. 
(vi) Heart rate. 
The heart rate response of each racing class to the 20 s fixed work test is shown 
in Figure 7.8. Statistical analysis showed that there was an interaction (p<0.01) 
between sampling time and the racing classes. The combined effect indicates 
that although heart rate changed during exercise and recovery the extent of the 
changes differed depending on the racing class (Fig. 7.8). The heart rate 
response of the TK2 racing class was markedly different from the other two 
racing classes (Fig. 7.8). Even before exercise the heart rate of the TK2 group 
appeared lower than both the other racing classes although the differences were 
not statistically significant. By the end of the 20 s fixed work test the heart rate of 
each group had increased (p<0.01). However, the heart rate of the TK2 racing 
class had only increased to 94 ±9 b. min-1 by the end of the test which was lower 
(p<0.01) than both the other racing classes. The post-exercise heart rates of the 
TK3 and TK4 racing classes were 145 ±19 and 135 ±16 b. min-1 respectively 
(n. s). During the 5 min recovery period the heart rates of all the groups 
decreased gradually towards resting values (Fig. 7.8). Throughout this time the 
heart rates of the TK3 and TK4 racing classes were similar and as recovery 
progressed the differences from the heart rate of the TK2 group decreased (Fig. 
7.8). 
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7.3.3 Test 2: Responses to a 30 s arm sprint. 
(i) Performance. 
The power output profiles generated during a 30 s sprint with the arms by each 
group are shown in Figure 7.9. The racing class with the lowest lesions (TK4) 
achieved higher power outputs throughout the 30 s test and therefore achieved 
a higher mean power output (MPO: 247.2 ±40.3 W) for the test than both the TK3 
(MPO: 188.3 ±48.9 W) and TK2 (MPO: 100.2 ±21.7 W) racing classes (p<0.01). 
The TK3 racing class generated more power than the TK2 racing class 
throughout the test and consequently achieved a greater MPO (p<0.05) (Table 
7.7). Expressing MPO in relation to body weight did not alter these findings 
(Table 7.7) and a low correlation was found between body weight and 
performance (Table 7.8). Similar differences to MPO were also evident between 
the groups in terms of peak power output (PPO) and end power output (EPO) 
(Table 7.7). For each group PPO was recorded 2 seconds after the start of the 
sprint. Meanwhile the peak speed was recorded after 3 seconds for the TK3 and 
TK4 racing classes and after 4 seconds for the TK2 group. The decrease in 
power output during the sprint for the whole group (n=30) was 56 ±5%. There 
was a greater percentage decrease in power output for the TK3 racing class (58 
±6%) compared with the TK2 racing class (53 ±3) (p<0.05). No other differences 
between the groups were evident in this respect (Table 7.7). 
(ii) Blood lactate and blood glucose. 
The blood lactate response of each group is shown in Figure 7.10. Statistical 
analysis showed that there was an interaction (p<0.01) between sampling time 
and the racing classes. This combined effect indicates that although blood 
lactate concentrations changed during exercise and recovery the extent of the 
changes differed between the racing classes. At rest the blood lactate 
concentration of each group was similar. After exercise the blood lactate 
concentrations had increased (p<0.01) in all the groups and reached a peak 
after 5 min of recovery. There was a tendency towards higher post-exercise and 
peak blood lactate concentrations for the racing class with the lowest spinal cord 
lesions (TK4) (Fig. 7.10). The mean peak blood lactate value for the TK4 racing 
class was 9.99 ±2.36 mmol. l-1 which was higher (p<0.01) than the values for 
both the TK3 (8.31 ±1.54 mmol. l-1) and TK2 (7.34 ±2.00 mmol. l-1) groups. After 
15 min recovery blood lactate concentration had decreased in each group 
(p<0.01). At this time the blood lactate concentration of the TK4 racing class was 
still higher than both the other two groups (p<0.01). Throughout the remainder of 
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the recovery period the blood lactate concentration of each group continued to 
decrease (Fig. 7.10). After 1 hour of recovery the blood lactate concentration of 
each group was no different to that recorded at rest. 
When peak blood lactate concentration was related to performance (MPO) a 
correlation of 0.67 (p<0.01) was found (Fig. 7.11). A similar correlation was 
found between peak blood lactate concentration and peak power output (Table 
7.8). There was an even higher correlation of 0.86 found between "02 pk and 
performance (MPO and PPO) (Fig. 7.12; Table 7.8). 
The blood glucose concentrations of each racing class before and after the 30 s 
sprint are shown in Figure 7.13. Statistical analysis showed that there was an 
interaction effect (p<0.01) between sampling time and the racing classes which 
indicates that there was a difference in the changes in blood glucose 
concentrations of each group over time (Fig. 7.13). The peak blood glucose 
concentration of each group was higher (p<0.05) than that recorded at rest (Fig. 
7.13). However, the peak blood glucose concentrations of each racing class 
were reached at different times (Fig. 7.13). For the TK3 group the blood glucose 
concentration peaked immediately after exercise while the peak for the TK4 
group occurred after 5 min recovery. The peak blood glucose concentration of 
the TK2 group occurred after 15 min recovery. However, there were no statistical 
differences between the blood glucose concentrations of the groups at any of the 
sampling times. 
(iii) Plasma ammonia. 
The plasma ammonia concentration during exercise and recovery for each 
group is shown in Figure 7.14. For all the groups the test resulted in marked 
changes in plasma ammonia concentrations from those found at rest (p<0.01). 
There were no differences between the plasma ammonia concentrations of each 
group either before or after the exercise (n. s). There were no differences 
between the peak values of each group which all occurred after 5 min recovery 
(Fig. 7.14). During the rest of the recovery period plasma ammonia 
concentrations of the paraplegic groups decreased in a similar fashion to each 
other (n. s). After one hour recovery the values were similar to those recorded at 
rest (n. s). 
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(iv) Plasma electrolytes. 
The changes in plasma potassium concentration which occurred during exercise 
and recovery for each racing class are shown in Figure 7.15. At rest there were 
no differences between the plasma potassium concentration of each group (n. s). 
After exercise the plasma potassium concentrations had increased from those 
recorded at rest for each group (p<0.01). The post-exercise plasma potassium 
concentrations of each group were similar (Fig. 7.15). After 5 min recovery the 
values had returned to pre-exercise levels. 
The changes in plasma sodium concentration which occurred during exercise 
and recovery are shown in Figure 7.16. There were no differences between any 
of the groups at any of the sampling times. The post-exercise plasma sodium 
concentrations were all higher than recorded at rest for each group (p<0.05). 
After 5 min recovery the values were similar to those recorded at rest for all of the 
groups (Fig. 7.16). 
(v) Change in plasma volume. 
The 30 s sprint resulted in a change in plasma volume for each racing class 
(p<0.01). The post-exercise decreases in plasma volume were similar, 
irrespective of the racing class, and were 9.4 ±5.3% for the TK2 racing class, 
14.5 ±3.9% for the TK3 racing class and 14.4 ±4.8% for the TK4 racing class 
(n. s). The greatest decrease in percentage plasma volume for each group was 
recorded immediately after the test. There were no differences between the 
racing classes in change in plasma volume at any of the sampling times. 
(vi) Respiratory responses. 
For each of the respiratory responses considered statistical analysis showed an 
interaction (p<0.01) between sampling time and the racing classes. The 
combined effect indicates that although changes occurred during exercise and 
recovery the extent of the changes differed depending on the racing class. 
Ventilation rate. 
The changes in ventilation rate which occurred during exercise and after 15 min 
of passive recovery for each group are shown in Figure 7.17. At rest there was 
no difference between the ventilation rate of each group. During the sprint the 
ventilation rate of each group increased (p<0.01). There was a tendency for the 
racing class with the lowest lesion levels to have the highest ventilation rate 
during the sprint and during the subsequent recovery (Fig. 7.17). During the 
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sprint the ventilation rates of the TK3 and TK4 racing classes were higher than 
TK2 racing class (p<0.01). The ventilation rate of each group during the first 30 s 
recovery was similar to that during the sprint. At this time only the ventilation rate 
of the TK4 group was higher than the TK2 group (p<0.01). During the next 90 s 
the ventilation rate of each group had started to decrease (TK4: p<0.05) and 
continued to do so during the remainder of the recovery period (Fig. 7.17). After 
15 min recovery the ventilation rate of each group was similar to that found at 
rest. 
Oxygen uptake. 
The oxygen uptake during exercise and recovery of each group are shown in 
Figure 7.18. At rest the oxygen uptake of each group was similar. During the 
sprint the oxygen uptake of each group increased (p<0.01). As with ventilation 
rate there was a tendency for the racing class with the lowest lesion level 
athletes (TK4) to have a higher oxygen uptake both during exercise and 
recovery (Fig. 7.18). The oxygen uptake of the TK2 group was lower than both 
the TK3 (p<0.05) and the TK4 (p<0.01) groups during the sprint and during the 
first 30 s of recovery. The oxygen uptake during this part of the recovery period 
was similar to that of the sprint for all the groups. After this the oxygen uptake of 
each group started to decrease (Fig. 7.18) and after 15 min recovery the oxygen 
uptake values of all the groups were similar to those at rest (n. s). 
The oxygen cost of the sprint and oxygen debt (defined for the purposes of this 
study as the elevation in oxygen consumption above resting values during the 
first 15 min of recovery after exercise) were calculated by subtracting the resting 
value of oxygen uptake from the oxygen consumption during the sprint and 
during recovery. The oxygen cost of the sprint was greater (p<0.01) in the TK4 
group than both the TK2 and TK3 groups; the oxygen cost of the TK3 group was 
greater (p<0.01) than that of the TK2 group (Table 7.9). Similar differences were 
evident for oxygen debt (Table 7.9). When the oxygen cost of the sprint was 
expressed as a percentage of the total oxygen cost of the test (oxygen uptake 
during the test and the oxygen debt) the TK2 group utilised less oxygen during 
the test than the other 2 groups (p<0.05). 
(vii) Heart rate. 
The heart rate response of the TK3 and TK4 racing classes were similar both 
during the test and during recovery (Fig. 7.19). However. the response of the 
TK2 racing class was markedly different both in exercise and recovery. At the 
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end of the sprint the heart rate of theTK2 racing class was 93 ±4 b. min-1. This 
was lower (p<0.01) than the heart rates of the TK3 and TK4 racing classes. 
Similar differences were evident during the recovery period. During the first 30 s 
of passive recovery the heart rates of each group were similar to those during 
the sprint (Fig. 7.19). Thereafter, the heart rates of each group gradually 
decreased. After 15 min recovery the heart rate of the TK3 and TK4 racing 
classes were still elevated above resting values although the differences were 
not statistically significant. 
7.3.4 Test 3: Responses to a 30 s relative exercise intensity test at 
80% MPO. 
(i) Performance. 
There was no difference between theprescribed MPO and that achieved during 
the test by the group (n=30) (Prescribed: 154.6 ±56.2 Wv Achieved: 148.5 ±56.6 
W). Each of the racing classes achieved the MPO prescribed for them on the 
basis of previous measurements (Table 7.10). 
(ii) Blood lactate and glucose. 
The blood lactate concentrations of each racing class before and after the test 
are shown in Figure 7.20. There were no differences between the groups at any 
of the sampling times. The post-exercise blood lactate concentrations were 
higher than those found at rest for each group (p<0.01). After 5 min recovery the 
blood lactate concentrations of each group had started to decrease from those 
values achieved immediately after the test, although the decreases were not 
statistically significant. 
The blood glucose concentrations during exercise and recovery for each group 
are shown in Figure 7.21. There were no differences between the blood glucose 
concentrations of the racing classes at any of the sampling times. When the 
group were considered as a whole (n=30) blood glucose concentration 
increased (p<0.05), as a result of the test, from those at rest. However, when 
each racing class was considered separately there were no changes in blood 
glucose concentration over time. 
(iii) Plasma ammonia. 
The changes in plasma ammonia concentration during exercise and recovery for 
each group are shown in Figure 7.22. There were no differences between any of 
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the groups at rest or after exercise. The post-exercise plasma ammonia 
concentration was higher (p<0.05) than the pre-exercise values for each group. 
(iv) Plasma electrolytes. 
Plasma potassium concentrations, in response to the 30 s test at 80% MPO, of 
each group are shown in Figure 7.23. All groups showed a tendency for plasma 
potassium concentrations to increase as a result of the test. However, only in the 
case of the TK4 group had the increase reached the prescibed level of statistical 
significance (p<0.05). After 5 min recovery the values of each group had 
returned to pre-exercise levels (Fig. 7.23). 
Plasma sodium concentrations of each group are shown in Figure 7.24. The test 
resulted in no change in plasma sodium concentration for any of the racing 
classes. There were no differences between the racing classes at any of the 
sampling times. 
(v) Changes in plasma volume. 
This test resulted in similar post-exercise decreases in plasma volume, 
irrespective of the racing class, and were 7.1 ±2.9% for the TK2 racing class, 8.5 
±2.8% for the TK3 racing class and 7.1 ±4.6% for the TK4 racing class (n. s). For 
this test the greatest percentage change in plasma volume for each group was 
recorded immediately after the test. 
(vi) Heart rate. 
The heart rate response of each racing class to the test is shown in Figure 7.25. 
As with the other tests there was an interaction (p<0.01) between sampling time 
and the racing classes indicating that although heart rate changed during 
exercise and recovery the extent of the changes differed depending on the 
racing class (Fig. 7.25). The heart rate response of the TK2 racing class was 
markedly different from the other two racing classes (Fig. 7.25). The heart rates 
of the paraplegic racing classes were similar both immediately after exercise 
and after 5 min recovery (Fig. 7.25). 
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7.4 Discussion. 
The results of the present study suggest that the recruitable muscle mass 
available for exercise for spinal cord injured athletes is of major importance for 
arm cranking sprint performance. Furthermore, it appears that this factor best 
explains the differences in the physiological and metabolic responses found 
between lesion levels during this type of exercise. 
The results are discussed under the following headings: Test 1: Fixed work test; 
Test 2: A 30 s arm sprint; Test 3: Relative exercise intensity test. 
Test 1: Fixed work test. 
In the first test the wheelchair athletes were required to work at fixed arm 
cranking speed for 20 seconds at a fixed work load. This test was selected to 
compare the physiolgical and metabolic responses of the wheelchair racing 
classes (TK2; TK3; TK4) to a similar amount of work. All the groups managed to 
complete the test successfully, however, the metabolic responses of the groups 
differed. This suggests that each group met the challenge of the exercise 
differently. 
In general the metabolic activity was greatest in the TK2 racing class. This racing 
class includes athletes with an injury in the cervical area of the spine. The TK4 
racing class comprising of those athletes with a lesion below T7 were least 
effected by the test. The TK2 racing class had higher blood lactate, plasma 
ammonia and potassium concentrations than the TK4 racing class at the end of 
the test. This may be indicative of a greater contribution to energy provision from 
anaerobic metabolism. 
A number of factors may have led to the greater metabolic activity observed for 
the TK2 racing class compared with the TK4 racing class. Of the groups in the 
present study, the TK2 racing class have the least recruitable muscle mass 
available for exercise because of their lesion level (above T1), whereas, the TK4 
racing class have the most recruitable muscle available for exercise. The smaller 
muscle mass area of the TK2 group will have meant that per unit of muscle more 
work was done compared with the other groups. In contrast to the TK2 group, 
where the work will have been localised, the TK4 racing class will have been 
able to distribute the work over a larger muscle mass. Such a situation may have 
demanded an increased recruitment of fast twitch muscle fibres for the TK2 
264 
racing class compared with the TK4 racing class leading to the increased 
contribution from anaerobic metabolism to energy provision. 
In general, the finding that there was greater metabolic activity in the group with 
the smallest muscle mass (i. e. TK2) supports those studies which have 
compared arm and leg exercise at the same absolute exercise intensity. These 
studies have consistently shown that to complete the same amount of work with 
a smaller muscle mass is both physiologically and metabolically more stressful 
(Davies and Sargeant, 1974; Pendergast, 1989). 
The TK2 group, as well as having the smallest recruitable muscle mass 
available during exercise, also have the greatest disruption of the autonomic 
nervous system (ANS) and in particular the sympathetic nervous system (SNS). 
The TK2 group have no sympathetic innervation of the heart which accounts for 
the much lower heart rates observed during the test and therefore confirms the 
results of previous chapters. This, together with reduced venous return (Jehl et 
al., 1991) and the greatest loss of reflex distribution of blood flow to working 
muscles (Glaser, 1985), results in an impaired haemodynamic response to 
exercise. This may mean that the ability to deliver oxygen to the working muscles 
effectively during exercise is reduced. However, in the present test these factors 
are unlikely to have led to a need for a greater anaerobic contribution to energy 
provision during such a short test because local vasodilator agents, such as 
adenosine or potassium (Lindinger and Sjr gaard, 1991), will have increased 
the blood flow and delivery of oxygen to the exercising muscles (Smith et al., 
1976). 
The TK3 racing class comprising of individuals with a SCI between T1-T7 have 
more recruitable muscle mass for exercise than the TK2 group but less than the 
TK4 group. The TK3 group also have more of the SNS intact than the TK2 group 
but less than the TK4 group. In this respect, unlike the TK2 racing class, the TK3 
usually have sympathetic innervation of the heart. Because sympathetic 
innervation for the heart occurs from T1 to T4 it is possible for athletes in the TK3 
racing class to have the loss of some sympathetic fibres to the heart (Johnson 
and Spalding, 1974). However, the athletes in the present study appeared to 
have full sympathetic innervation of the heart as indicated by the heart rates 
reached during the 30 s arm sprint and the V02 pk test. The reflex distribution of 
blood flow to the exercising muscle at the onset of exercise is also thought to be 
effected to a greater extent than the TK4 racing class due to a greater loss of 
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sympathetic innervation to the abdominal region (Glaser, 1985) and a reduced 
venous return (Jehl et al., 1991). 
From the above it may be expected that the post-exercise metabolic responses 
of the TK3 group would be between the other two groups. In general this was the 
case, however, the blood lactate concentration of the TK3 group was similar to 
that of the TK2 group. One possible reason for this may be a difference between 
the autonomic function of the two groups. In the last chapter it was suggested 
that the TK2 racing class will have no sympathetic innervation of the adrenal 
medulla with a reduced adrenaline release which may mean that muscle 
glycogenolysis is not enhanced (Richter et al., 1982; Chasiotis et al., 1983a; 
Jansson et al., 1986) resulting in lower blood lactate concentrations. If this is 
accepted and adrenaline release is inhibited to a greater extent in the TK2 group 
compared with the TK3 group, it may lead to lower blood lactate concentrations 
and thus the similarity between the TK2 and TK3 racing classes. Another 
alternative is that the TK2 group were more highly trained than the TK3 group, 
although this was not revealed by the training characteristics or anthropometric 
characteristics of the groups. 
A further explanation for the TK2 and TO groups having similar blood lactate 
concentrations at the end of the test may relate to trunk stability. The TK2 and 
TK3 racing classes have both lost, to differing extents, the function of their 
abdominal muscles. This may have meant that despite the TK3 group having 
more available muscle mass for exercise than the TK2 group, they may have 
been unable to distribute the work to the other muscle groups as effectively as 
the TK4 group, and therefore may have had to localise the work to similar 
muscle groups as the TK2 group, leading to similar blood lactate concentrations. 
If this is the case then, in conjunction with the lower blood lactate concentrations 
of the TK4 racing class, this may indicate the importance of trunk stability for 
enhanced performance. This may have implications for the design of racing 
wheelchairs. 
After five minutes passive recovery the blood lactate, blood glucose, plasma 
ammonia and plasma potassium concentrations of the TK3 racing class had 
decreased. For the TK2 racing class, where metabolic activity was greatest, 
decreases were not observed. These results may suggest that this group (TK2) 
have a decreased ability to remove waste products from the muscle. This may be 
because the haemodynamic response to exercise is effected to the greatest 
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extent in the way described earlier. In addition this group have the least amount 
of skeletal muscle mass available and thus the least potential for uptake of 
metabolites by non-exercising muscles. This been reported as important for the 
removal of metabolites following exercise (Gladden, 1989). Having said this, the 
recovery rates of the racing classes to the other tests did not confirm these 
results thus emphasising the need for further research in this area. 
The exercise test resulted in no change in blood glucose concentration. From 
the other metabolic responses it may have been expected that the greatest 
change in blood glucose concentration may have been anticipated for the TK2 
group. It is possible that the reason that this was not found may relate to the lack 
of sympathetic innervation of the adrenal medulla in the TK2 group. Adrenaline 
is known to stimulate hepatic glycogenloysis both directly and indirectly through 
glucagon (Naveri et al., 1985). If adrenaline release is reduced to the greatest 
extent in the TK2 group it may help to explain the lack of change in blood 
glucose concentration. 
Test 2: A 30 s arm sprint. 
Unlike the 20 s fixed work test the 30 s arm sprint required a maximal effort from 
the subjects. Each group responded in a similar way to the test. In this respect 
each racing class reached their peak power output and peak speed during the 
first few seconds of the sprint. Consistent with other sprint exercise studies peak 
power output always occurred earlier than peak speed (Lakomy, 1988). After 
peak power output had been achieved a marked decrease in performance was 
evident during the remainder of the sprint. The fatigue profiles produced during 
the arm sprint are similar to those previously reported for sprint running 
(Cheetham et al. 1986; Brooks et al., 1988; Nevill et al., 1989) and cycling 
(Macdonald et al., 1983; Wootton 1984). In the present study, power outputs 
recorded during the sprint were averaged over 1 second. This gives a more 
accurate measure of PPO than a5 second sampling time which has often been 
employed (Winter, 1991), leading to a more accurate fatigue profile and a more 
complete description of the decrease in power output as fatigue set in (Lakomy, 
1988). 
The decrease in power output, and thus fatigue, was 56 ±5% over the time 
course of the sprint. This is a reflection of the maximal nature of the sprint. The 
decrease in power output is greater than the 39% recently reported by Hutzler 
(1991) for a group of wheelchair basketball players performing a similar test. 
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One reason for the difference may be because Hutzler (1991) selected a5 
second sampling time rather than the 1 second sampling time. Recently, using 
the same equipment and procedures at this labaratory, a group of 9 physical 
education students who were active but not upper body trained performed the 30 
s arm sprint test on the same arm ergometer, and recorded a decrease in power 
output during the test of greater than 60% (Bogdanis, 1991). In the present study, 
when the athletes were grouped according to racing class the sprint resulted in a 
greater fatigue (58 ±6%) for the TK3 racing class than the TK2 racing class (53 
±3%). Such differences in fatigue have sometimes been attributed to training 
status, with sprint trained individuals often exhibiting a greater decrease in 
power output compared with endurance trained subjects during treadmill 
sprinting (Cheetham, 1987) or cycling (Wootton, 1984). From information 
gathered in an extensive interview and from the anthropometric characteristics of 
each group, there was no evidence that the TK3 racing class were more highly 
sprint trained than the TK2 racing class. The decreases in power output of 
greater than 50% for each group, during the 30 s arm sprint, are consistent with 
those studies which have investigated sprint running (Cheetham et al., 1986; 
Brooks et al., 1988; Nevill et al., 1989) and cycling (Macdonald et al., 1983, 
Wootton, 1984 ). 
The MPO generated by the whole group during the 30 s "all out" sprint was 
193.3 ±70.1 W. This value is much lower than the MPO of 334.9 ±60.0 W 
recorded by the only other study which has previously examined arm cranking 
sprint performance of wheelchair athletes (Hutzler, 1991). In this latter study the 
subjects were wheelchair basketball players but only 3 of the 12 players used 
wheelchairs as their primary mode of locomotion (Hutzler, 1991). In contrast, the 
present study employed a group of SCI athletes, within which there were a wide 
range of lesion levels (C7-L5). When the athletes were grouped according to the 
Paralympic racing classification system (i. e TK2; TK3; TK4) marked differences 
in MPO, and PPO were revealed. The MPO values recorded for the 30 s maximal 
arm sprint were 100.2 ±21.7 W, 188.3 ±48.9 W, 247.2 ±40.3 W for the TK2, TK3 
and TK4 racing classess respectively. While there is no similar data for SCI 
athletes in these racing classes with which to compare, the MPO of the TK4 
racing class, comprising of subjects with the lowest lesion levels (i. e. below T7), 
is lower than the MPO recorded by Hutzler (1991) and also able-bodied subjects 
performing a similar 30 s arm sprint (Dotan and Bar-Or, 1983; Patton and 
Duggan, 1985; Knapik et al., 1990; Bogdanis, 1991). Bogdanis (1991), 
employing the same procedures and equipment as used in the present study, 
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recorded a MPO of 329.8 W for a group of able-bodied subjects. For subjects 
performing a Wingate test at optimal work loads Dotan and Bar-Or (1983) 
reported maximal MPO values of 349.9 W and 615.5 W for arm and leg work 
respectively. The MPO values reported in the present study for each wheelchair 
racing class are also much lower than those values reported for sprint running 
(Cheetham et al., 1986; Brooks et al., 1988; Nevill et al., 1989) and cycling 
(Wootton, 1984; Itoh and Ohkuwa, 1991). 
From the information presented above, the most logical explanation for the 
progression towards a higher MPO value in the TK4 racing class appears to be 
the greater muscle mass available for recruitment during maximal arm crank 
sprinting. However, other factors may also contribute to the differences in MPO 
between the racing classes and therefore deserve consideration. The higher the 
level of lesion the greater the loss of abdominal musculature (Table 2.1). During 
arm crank sprinting these muscles are likely to be of importance for stabilisation 
and the effective production of power output. If accepted, this could account for 
some of the difference between the performances of the racing classes. Another 
point worthy of note is that, unlike the study of Dotan and Bar-Or (1983), the 
present study did not, specifically, determine the optimal external work load for 
the production of the highest mean power output for each racing class. It is 
therefore conceivable that this factor may also help to explain some of the 
differences in performances seen between the groups. Nevertheless, it still 
seems reasonable to suggest that the differences between the performances of 
the racing classes, in the present study, may support the idea that a greater 
muscle mass enhances sprint performance. 
It is interesting that, previously, some sprint cycling (Wootton, 1984), running 
(Cheetham et al., 1986) and arm (Patton and Duggan, 1985) studies have 
suggested that differences in body weight, may be a factor which partly explain 
differences in sprint performance between individuals. This may be because, for 
able-bodied subjects, body weight indirectly reflects muscle mass. It has 
therefore been suggested that higher power outputs during sprint exercise may 
be related to a greater body weight. On this basis it has been suggested that it 
would be more applicable to express power output in relation to body weight 
(Cheetham et al., 1986). Having said this not all studies have found that 
accounting for differences in body weight is useful for explaining performance 
differences between groups (Brooks et al., 1990). 
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In the present study expressing power output in relation to body weight did not 
help to explain performance differences between the racing classes. As has 
been pointed out previously SCI results in the loss of varying degrees of muscle 
mass leading to an increased proportion of body weight, below the level of the 
lesion, which is therefore redundant. In actual fact relating the power output to 
body weight highlighted the extremely poor power to weight ratio that the high 
lesion level athletes seem to possess. This, perhaps, explains why, in the 
present study, a very low correlation was found between body weight and 
performance. The results may suggest that for individuals with a SCI it would be 
more appropriate, although more difficult, to estimate the muscle mass and 
express power output in relation to muscle mass rather than body weight. At 
present there is no research available which has assessed whether the methods 
used for estimation of muscle mass in able-bodied individuals (Shephard, 
Bouhlel, Vanderwalle and Monod, 1988) are valid for individuals with a SCI. 
The ability to derive energy from anaerobic sources has also been identified as 
a factor which is of importance to successful sprint performance for able-bodied 
subjects (Cheetham et al., 1986; Brooks et al., 1988; Nevill et al., 1989). This 
ability has been shown by a different set of metabolic responses to sprint 
exercise. Therefore, in the discussion that follows, the physiological and 
metabolic responses of SCI athletes to sprint exercise, which have previously 
not been examined, will be described and discussed. This will enable an 
assessment to be made as to whether, or not, there is evidence to suggest that 
the ability to produce energy from anaerobic sources may also be of importance 
for the sprint performance of wheelchair athletes. 
There were marked changes in blood lactate concentration for each group as a 
result of the 30 s arm sprint. While the changes were not as great as reported for 
able-bodied individuals performing sprint cycling (Macdonald et al., 1983), 
running (Cheetham et al., 1985) or arm exercise (Bogdanis, 1991) they were, 
nevertheless, considerable. This may be a further indication of the maximal 
nature of the test which will have demanded a large contribution to energy 
supply from anaerobic glycolysis (Cheetham et al., 1985). Peak blood lactate 
concentrations for all the groups occurred at 5 minutes post-exercise which is 
consistent with previous sprint studies (Macdonald et al., 1983; Wootton, 1984). 
It should be noted that the sampling time of 5 minutes post-exercise was 
employed in accordance with a number of other studies (Macdonald et al., 1983; 
Cheetham et al., 1985). However, the time course of the changes in 
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concentrations of blood metabolites, and more specifically when peak metbolite 
concentrations are reached, for individuals with different levels of SCI, has still to 
be established. Nevertheless, in general, the higher the peak blood lactate 
concentration the better the arm sprint performance. Furthermore, there was a 
progression towards higher peak blood lactate concentrations in the racing class 
with the lowest lesion level athletes (TK4). As this tendency mirrors the arm 
crank sprint performance it is feasible that the blood lactate concentrations may 
simply reflect the different amount of work done by each of the groups and 
therefore the muscle mass involved during the exercise. Indeed one of the 
reasons attributed to higher blood lactate concentrations observed during sprint 
running compared with sprint cycling has been the larger muscle mass utilised 
during sprint running (Cheetham et al., 1985). 
A number of studies on able-bodied subjects have linked higher peak blood 
lactate concentrations after a sprint with improved sprint performance (Ohkuwa, 
Yoshinobu, Katsuma, Nakao and Miyamura, 1984; Cheetham et al., 1985; 
Cheetham et al., 1986). In the present study there was a modest correlation 
found between peak blood lactate concentration and arm crank sprint 
performance with a higher correlation noted between V02 pk and performance. 
Whatever the relationship with performance, higher blood lactate concentrations 
have been suggested to be indicative of an ability to produce energy from 
anaerobic sources (Brooks et al., 1988). The SNS appears to play an important 
role in the degradation of muscle glycogen for energy production in sprint 
exercise (Nevill et al., 1989) with the activity of the sympathetic system greatly 
increased during sprint exercise (Brooks et al., 1990). Spinal cord injury results 
in varying degrees of disruption to the SNS which may effect the ability to 
produce energy via anaerobic glycolysis and therefore deserves consideration. 
As mentioned previously the higher the level of the lesion the greater the 
disruption to the SNS (Johnson and Spalding, 1974; Glaser, 1985). The lower 
resting blood pressure measurements and the lower heart rates in all the tests of 
the TK2 racing class confirms the suggestions of the previous chapters and may 
be evidence of decreased sympathetic innervation as previously suggested and 
discussed (Mathias and Frankel, 1988). For the TK3 racing class, from these 
measurements in the present study, as in the other chapters, there was no 
similar evidence that the TK3 racing class had the extent of disruption to the 
SNS. 
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It was suggested, in the last chapter, that a lesion in the cervical area of the 
spine (TK2) would result in a reduced adrenaline release from the adrenal 
medulla which may mean that muscle glycogenolysis is not enhanced (Chasiotis 
et al., 1983; Snow et al 1985; Spreit et al., 1988) resulting in lower blood lactate 
concentrations. It is possible that this factor, along with the fact that the TK2 
racing class have the least recruitable muscle mass, may help to explain why 
peak blood lactate concentrations were lowest in this group. If the rate of 
glycogenolysis was not enhanced because of a lack of adrenaline it may have 
ultimately effected the sprint performance. This may suggest that the sprint 
performance of wheelchair athletes is not solely determined by the muscle mass 
recruitable for exercise. 
Despite this discussion, when the increases in blood lactate concentration of 
each group were expressed per watt generated, the differences between the 
blood lactate concentrations of the racing classes did not support this idea, 
suggesting that differences in sympathetic outflow may not have effected lactate 
production. It was interesting to find that the blood lactate concentration per watt 
was higher for the TK2 group than that of the other two groups (Table 7.11). 
Such a finding in able-bodied studies has been suggested to be indicative of an 
increased activity of glycolytic enzymes possibly due to a greater percentage of 
fast twitch fibres (Costill et al., 1976; Cheetham et al., 1985). Alternatively the 
lower increase in blood lactate per watt for the TK3 and TK4 racing classes 
compared with the TK2 racing class may reflect a greater contribution to energy 
supply from aerobic metabolism. 
The respiratory data may lend some support to this. The oxygen uptake during 
the 15 min recovery period, defined in the present study as "oxygen debt", was 
lower for the TK2 group compared with the TK3 and TK4 groups probably due to 
the lower power output generated. However, the oxygen debt when expressed 
as a proportion of the total oxygen cost of the sprint, that is the oxygen consumed 
during exercise and recovery, was greater for the TK2 group compared with the 
TK3 and TK4 racing classes. If it is accepted that the oxygen cost during the 
sprint may be a rough indication of the contribution from aerobic metabolism, 
then, in terms of proportion the TK2 group appeared to derive less energy from 
aerobic metabolism than the other two groups. These results may suggest that 
despite a lower performance for the TK2 group a greater proportion of the total 
work was achieved through anaerobic mechanisms. 
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There may be a of number possiblities which help to explain these findings. The 
tetraplegics (TK2) have lost all their abdominal musculature and many 
intercostal muscles which may be reflected by the lower FEV1 values observed 
in this group. These muscles are of importance for breathing during arm 
cranking exercise. This may have resulted in the reduced ventilation rate of this 
group found during the arm sprint compared with the other groups. The TK2 
group also have no sympathetic innervation to the heart which explains the 
lower heart rates observed in all the tests and may mean that delivery of oxygen 
to the muscles is effected (Coutts and Stogryn, 1987). In addition this group have 
the greatest disruption in terms of the abilty to redistribute blood to the periphery 
during exercise (Glaser, 1985) which may further effect oxygen delivery to the 
muscles and lead to a more sluggish response of the oxygen transporting 
system to exercise (Coutts and Stogyrn, 1987). These factors may explain the 
suggested reduced contribution from aerobic metabolism during the sprint 
compared with the other groups and may indicate the problems that tetraplegics 
have in terms of oxygen delivery. For the TK3 and TK4 racing classes, the 
proportion of energy estimated as being derived from aerobic metabolism during 
the sprint was similar. 
The increases observed in blood glucose concentration in response to 
the 30 s sprint for each group were small and of similar magnitude. Sprint 
running and cycling studies have reported marked increases in blood glucose 
concentration. The increases in blood glucose, which have been commonly 
reported following this type of exercise, are thought to be due to increased liver 
glycogenolysis (Lavoie et al. 1987) and may be a reflection of the influence of 
exercise induced increases in catecholamine concentrations (Macdonald et al., 
1983; Brooks et al., 1985; Cheetham et al., 1986). This may occur via direct 
stimulation from adrenaline and noradrenaline (Brooks et al., 1988) and 
indirectly via glucagon (Naveri et al., 1985). Other reasons for differences in 
blood glucose concentration have also been associated with differences 
between the muscle mass utilised during exercise (Cheeetham et al., 1985). In 
this respect running studies (Cheetham et al., 1985; Cheetham et al., 1986; 
Brooks et al., 1988) have found higher blood glucose concentrations compared 
with sprint cycling (Macdonald et al., 1983). In the present study the arm exercise 
may explain in some way the smaller increase compared with able-bodied 
studies. However, if it was just a question of muscle mass there may have been 
differences expected between the racing classes in the present study. The small 
increases in blood glucose concentration observed may also be a reflection of 
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an impaired sympathetic response to the exercise. In particular this may relate to 
a decreased stimulation of adrenaline to varying extents as previously 
discussed. 
In the present study large increases in plasma ammonia were observed for each 
group as a result of the sprint although there were no differences between the 
groups. Plasma ammonia peaked in each group after 5 minutes of recovery. This 
is consistent with the findings of Gaitanos (1990) but does not support the 
findings of Itoh and Ohkuwa (1991). The latter study suggested that the peak 
concentration of ammonia in the blood during sprinting occurs within 15 
seconds. Despite this discrepancy studies on high intensity exercise are all in 
agreement that the ammonia that appears in the blood during short term 
exercise originates from deamination of adenosine 5-monophosphate (AMP) to 
inosine 5-monophosphate (IMP) in the muscle rather than the degradation of 
amino acids. The reaction occurs via the purine nucleotide cycle (PNC) and is 
catalysed by AMP deaminase (Lowenstein, 1972). 
Test 3: Relative exercise intensity test. 
The third test required the subjects to work for 30 s at the same relative exercise 
intensity (80% MPO achieved during the 30 s arm sprint). All the groups 
successfully completed this test. In general the metabolic responses of the three 
groups were similar as a consequence of the test. These results may suggest 
that selecting the same relative exercise intensity for testing purposes is the most 
appropriate way of achieving similar metabolic conditions between individuals 
with different levels of SCI. This is contrary to the findings of the previous chapter 
where the physiological and metabolic responses to endurance exercise of the 
TK2 group appeared lower than the other two groups (TK3; TK4) at the same 
relative exercise intensity. The reasons for the discrepancy between the two 
studies is not easily explained but may relate to a difference between high 
intensity and endurance exercise and/or a difference between arm crank and 
wheelchair treadmill exercise. With regard to the latter, it is possible that, 
because the groups were not specifically trained for arm crank ergometry, this 
may have made a difference. In addition, it is possible that arm crank ergometry 
may require the recruitment of different muscle groups to wheelchair treadmill 
exercise. 
There was some evidence, from the preliminary tests, to suggest that the 
physiological and metabolic responses to these two modes of exercise may 
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differ. In this respect the relationship between blood lactate concentration and 
work loads equivalent to approximately 60%, 70%, 80% and 90% V02 pk during 
arm cranking was linear. In all the other studies where wheelchair treadmill 
exercise has been employed a curvilinear relationship has been found. In 
addition, the V02 pk values of each racing class achieved during arm cranking 
were lower than reported in the previous chapters for wheelchair treadmill 
exercise. This perhaps highlights the need for research to compare the 
physiological and metabolic responses to arm crank and wheelchair treadmill 
exercise, for both endurance and sprint exercise in an attempt to investigate the 
apparent differences further. 
In conclusion, it appears that the sprint performances, and the physiological and 
metabolic responses to this type of exercise, of wheelchair athletes with different 
levels of SCI, are best explained in terms of the muscle mass available for 
exercise rather than differences in sympathetic outflow. Any influence that this 
factor exerts may be of a more subtle nature. 
276 
CHAPTER S. 
8. GENERAL SUMMARY. 
Over recent years there have been an increased number of wheelchair users 
competing in endurance races. Accompanying the increased popularity of 
wheelchair road racing have been improved standards of performance. 
However, our current understanding of the physiological and metabolic 
responses of wheelchair athletes to exercise, and physiological characteristics 
influencing their endurance performance is limited. Compared with studies on 
runners, there is little information concerning: (a) the physiological 
characteristics of endurance trained wheelchair athletes; (b) the relationships 
between various physiological characteristics and endurance performance; (c) 
the physiological and metabolic responses to endurance and brief high intensity 
exercise; (d) the influence of level of SCI or wheelchair racing class on the 
previously detailed responses. The purpose of this thesis was therefore to 
answer some of the questions raised above. 
The preliminary studies reported in Chapter 3 established that the protocols 
used for the determination of peak oxygen uptake and the other peak exercise 
responses were reproducible. 
The first study showed that wheelchair athletes who train for, and regularly 
compete in, endurance races in the United Kingdom have physiological 
characteristics which are comparable with those of trained wheelchair athletes 
from other countries (Gass and Camp, 1979; Skrinar et al., 1982; Coutts and 
Stogryn, 1987; Eriksson et al., 1988). Grouping the athletes according to the 
Paralympic racing classification system (TK2; TK3; TK4) revealed that there was 
a tendency for higher peak physiological responses in the racing class with the 
lowest lesion level athletes (TK4). However, no statistical differences emerged 
between the peak physiological responses of the paraplegic racing classes 
(TK3; TK4). It was suggested that for the paraplegic groups the muscle mass 
involved during the exercise test was similar, and that muscle mass was the 
most important factor in the determination of their V02 pk. 
The peak physiological responses of the wheelchair racing class comprising of 
athletes with a lesion in the cervical area of the spine (TK2), often referred to as 
tetraplegics, appeared to be much lower than the peak physiological responses 
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of both the paraplegic racing classes (TK3; TK4). These results were supported 
and confirmed in the subsequent studies reported in this thesis. It was suggested 
that the reason for the lower peak oxygen uptake (V02 pk) of the tetraplegic 
group may firstly relate to the fact that this group have least available recruitable 
muscle mass and therefore the least potential for oxygen utilisation during 
exercise. In addition, it was pointed out that this group also have the greatest 
disruption to the sympathetic nervous system (SNS) and in particular have no 
sympathetic innervation of the heart. This was shown by the very low peak heart 
rates observed for this group compared to the paraplegic athletes in each of the 
studies reported in this thesis. This loss of sympathetic innervation to the heart 
may have led to an inadequate delivery of oxygen to, and removal of waste 
products from, exercising muscles. It was therefore suggested that for the 
tetraplegic racing class, in addition to muscle mass, the influence of a reduced 
sympathetic outflow, and in particular a reduced heart rate, may help to explain 
the lower V02 pk values of this group compared to the paraplegic racing 
classes. 
In running studies which have examined the relationships between the 
physiological charactersitics and endurance performance, a consistent finding 
has been a high correlation coefficient between V02 max and performance 
(Williams and Nute, 1983; Ramsbottom et al., 1987; Ramsbottom et al., 1989a). 
In the first study of this thesis only a modest correlation was found for the 
relationship between V02 pk and endurance performance of wheelchair 
athletes. This may suggest that the same importance should not be attached to a 
high V02 pk for wheelchair endurance racing success as has been for 
endurance running success. Furthermore, the finding indicates the relevance of 
examining the relationships between other physiological factors and endurance 
performance. Of the other physiological factors studied, differences between the 
endurance performance times of a group of wheelchair athletes were best 
explained by the % V02 pk utilised at a common submaximal propulsion speed. 
This takes into account both V02 pk and pushing economy (oxygen uptake at a 
given speed). With regard to the latter, while pushing economy could not help 
explain differences within the group it was identified as of importance for 
optimising endurance performance of an individual. The propulsion speed at a 
blood lactate concentration of 4 mmol. 1-1 was also identified as a factor which 
could help to explain differences between the performance times of a group of 
wheelchair athletes involved in endurance racing. This particular characteristic 
has been shown to be an indicator of aerobic fitness (Ramsbottom et al., 1989a) 
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During the 10 km treadmill time trial wheelchair athletes utilised a large 
proportion of their V02 pk, irrespective of lesion level. Despite this, the 
physiological responses emphasised the difference between the tetraplegic 
racing class (TK2) and the paraplegic racing classes (TK3; TK4) in terms of heart 
rate. As well as lower heart rates throughout the test the TK2 group also 
appeared to be deriving a greater proportion of their energy from fat metabolism 
than the paraplegic athletes. This was reflected by lower respiratory exchange 
ratio values. Both the paraplegic racing classes exhibited similar physiological 
responses throughout the performance test. 
The second study examined the physiological responses to a one hour exercise 
test at 80% TS (Top Speed). Selecting a% TS is a method frequently used by 
wheelchair athletes for determining training intensity. The exercise intensity of 
80% TS corresponded to around 65% V02 pk with the responses indicative of 
steady state exercise. In this respect oxygen uptake and ventilation rate 
remained stable throughout the test; there was a shift towards fat metabolism; 
there was no cardiovascular drift; blood lactate concentration peaked after 15 
minutes of exercise and then decreased during the rest of the hour; blood 
glucose concentration remained similar to that recorded at rest; the perceived 
rate of exertion remained similar throughout the test. It was also shown that there 
was a wide variation in the relative exercise intensities represented at a% TS. It 
therefore appears that this method is not an appropriate way of selecting a 
common relative exercise intensity. Furthermore, the results of the study 
suggested that there may be a need for current training practices of wheelchair 
road racers to be modified. 
The third study showed that wheelchair athletes, in general, are able to maintain 
speeds equivalent to 75% V02 pk for prolonged periods of time, irrespective of 
their level of SCI. However, while the physiological and metabolic responses of 
the paraplegic racing classes were similar throughout the duration of the 90 
minute test, the tetraplegic group appeared to exhibit different physiological and 
metabolic responses. In this respect heart rate, blood lactate concentration, 
blood glucose concentration and R values appeared lower throughout the test. 
The lower R values and blood lactate concentrations appeared to indicate that 
fat metabolism made a greater contribution to energy provision throughout the 
endurance test for the TK2 group compared with the paraplegic racing classes. It 
was suggested that the results observed during the test may be a consequence 
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of the greater disruption of the SNS in this group and that the TK2 group may 
have been better adapted for endurance exercise. The plasma FFA, glycerol, 
ammonia and urea concentrations all showed a tendency towards higher 
concentrations in the racing class with the lowest lesion level athletes. It was 
suggested that this may have reflected a greater muscle mass in the racing class 
with the lowest lesion level athletes (TK4). It, therefore, appeared that both the 
amount of exercising muscle mass and the degree of disruption to the SNS may, 
to some extent, help to explain the physiological and metabolic differences 
which seem to exist between tetraplegics (TK2) and paraplegics (TK3; TK4) 
during endurance exercise. The overall similarity of the physiological and 
metabolic responses of the TK3 and TK4 racing classes may suggest that the 
greater SNS disruption of the TK3 group was not of importance to the responses 
examined during the test or that the endurance test did not require a large 
contribution from the SNS. 
The results in the final study showed that sprint performance and the 
physiological and metabolic responses to this type of exercise were best 
explained by the muscle mass recruitable for exercise, rather than any 
differences between the racing classes in terms of SNS activity. In this respect, 
the 20 second fixed work test showed that each racing class met the challenge 
of exercise differently. In general the results showed that the higher the level of 
lesion the greater the metabolic response to the test. This was because the 
tetraplegic racing class (TK2) had the least muscle mass available to meet the 
demands of this exercise test. The 30 second arm sprint indicated that the lower 
the lesion level the better the performance and the greater the physiological and 
metabolic responses. The relative exercise intensity test at 80% MPO achieved 
in the 30 s arm sprint revealed similar metabolic responses for each racing 
class. It therefore appears that any effect that the SNS plays in terms of 
influencing sprint performance and the physiological and metabolic responses 
to it, is of a more subtle nature. 
8.1 Recommendations and directions for future research. 
There are a number of questions which can be raised from the work in this 
thesis. The first 3 studies reported no differences between the paraplegic racing 
classes (TK3; TK4) in terms of their physiological characteristics, endurance 
performance or physiological and metabolic responses to endurance exercise. 
The final study showed that there were differences between the sprint 
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performances of these racing classes. In the light of these findings it could be 
suggested that, for races other than the sprint events, there need only be one 
paraplegic racing class. This may be a development which could be made to the 
Paralympic classification system (Fig. 1.1) and is worthy of consideration by the 
authorities before the next Paralympics in Atlanta, 1996. 
The similarities of the paraplegic groups in the endurance studies occurred 
despite the fact the TO group have a greater disruption of the SNS than the TK4 
racing class. The results raise the question of the importance of the SNS during 
endurance exercise. To examine this it would be worth pursuing an endurance 
capacity study which would highlight any physiological and metabolic 
differences between the paraplegic racing classes. This would require the 
athletes to exercise at a constant pace to the point of volitional fatigue i. e 
exhaustion. Furthermore, in addition to the cardiovascular responses monitored 
in the studies reported in this thesis, it would be worthwhile measuring cardiac 
output, thermoregulatory and hormonal responses during this type of exercise. 
This would lead to a fuller understanding of the physiological and metabolic 
responses during endurance exercise and help our understanding of the role of 
the SNS during endurance exercise for individuals with paraplegia. 
A further valuable development to increase our understanding of the responses 
of SCI subjects to exercise would be to examine the influence of training on the 
responses mentioned above and it's influence on endurance performance. 
Indeed a question often raised in the studies of this thesis was whether the 
results could be explained by differences in training status between the groups. 
A training study would, therefore, help to answer this question directly. It is also 
worth mentioning that looking at the physiological and metabolic responses of 
able-bodied subjects to arm training would not be particularly helpful in 
explaining the responses of indivduals with SCI to arm training. This is because 
this subject population are not just limited to exercise with the arms. Individuals 
with a SCI have the additional problems of a loss of muscle mass and 
sympathetic control. This means that the cardiovascular and thermoregulatory 
responses are impaired to differing degrees depending on the level and 
completeness of the lesion. 
The marked differences of the tetraplegic athletes in this thesis were suggested 
to relate to the recruitable muscle mass available for exercise and the degree of 
disruption of the SNS. With regard to the latter, this group in particular have no 
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sympathetic innervation of the heart or adrenal medulla. In addition to the lower 
heart rates, observed in this group in all the studies, a reduced adrenaline 
release during exercise would be expected. It was suggested that this factor may 
help to explain some of the results observed in the various studies. The need for 
reseach to examine this idea is therefore merited. 
At present no studies have examined catecholamine concentrations during 
exercise of individuals with a SCI. A useful starting point would therefore be to 
examine the catecholamine concentrations during exercise of increasing 
intensity for individuals with a SCI. Furthermore, as there is debate to the role 
and importance of adrenaline during exercise it is possible that individuals with 
a SCI, and in particular tetraplegics, could act as a model to increase our 
knowledge of some of those aspects of fatigue presently not fully understood in 
able-bodied subjects. 
Future studies could also examine the metabolic processes occurring within the 
active muscle during brief high intensity and prolonged submaximal exercise for 
individuals with a SCI. This would improve our understanding of the fatigue 
processes in these athletes. 
The final study employed arm crank ergometry to examine sprint performance 
and the responses to this type of exercise. A preliminary study reported in 
Chapter 3 found that the 30 s arm sprint was highly reproducible. This 
standardised arm ergometer sprint test could be adopted by the other 
laboratories providing an opportunity for comparisons to be made with the 
results from this study. In addition, the development of a wheelchair ergometer 
which is designed to test the capacity for high intensity exercise in wheelchair 
athletes would also be helpful as a means of increasing our understanding of 
the responses to high intensity exercise. 
Future studies in the high intensity exercise area could be directed towards 
examining the responses of wheelchair athletes to a series of short maximal 
sprints with a short rest period between each, rather than a single all-out sprint. 
This would more closely simulate the so called multiple sprint sports (Williams, 
1987) like wheelchair basketball. 
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From the studies in this thesis there was some evidence that there were 
differences between the metabolic responses to arm crank ergometry and 
wheelchair treadmill exercise. This therefore warrants further research. 
The physiological characteristics and responses to exercise of the groups 
employed in this thesis are those of trained wheelchair athletes. However, in the 
community, there are many more individuals with a SCI currently not engaged in 
regular exercise. The peak exercise responses and the physiological and 
metabolic responses to submaximal exercise reported in this thesis may be an 
indication of what is achievable through regular endurance exercise training. 
These athletes may act as role models and may provide a goal, in physiological 
terms, for those individuals with a SCI not currently involved in sport. 
Sedentary wheelchair users have been estimated to be at 90% greater risk of 
CHD than sedentary able-bodied individuals and 350% greater risk than 
runners (Laporte et al., 1983). Furthermore, cross-sectional studies have 
suggested that sedentary wheelchair users are at greater risk from medical 
complications, which are commonly associated with SCI, than wheelchair 
athletes (Stotts, 1986). It is possible, therefore, that exercise may help to 
decrease the chances of early mortality in this population (Le and Price, 1982). 
The resting total cholesterol concentrations of wheelchair athletes, whatever 
their lesion level, reported in two of the studies of this thesis are within the 
normal range (Mann et al., 1988) and lower than reported for sedentary able- 
bodied subjects (Brenes et al., 1986; Dearwater et al., 1986). These preliminary 
findings are additional reasons for directing research towards longitudinal 
studies examining the health benefits of exercise through training inactive 
wheelchair users. 
In conclusion this thesis has provided a broad description of the physiological 
and metabolic responses of paraplegic and tetraplegic athletes to exercise. It 
has also raised a number of questions, provided the platform for further 
research, and has pointed to a number of areas where future research could be 
directed. 
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A. 1 Paralympic racing classification system: Athletics. 
Racing class: Ti (TK1). 
Level of SCI: C6. 
Anatomical capability: 
Have functional elbow flexors and wrist dorsiflexors. 
Have no functional elbow extensors or wrist palmar flexors. 
May have shoulder weakness. 
Functional capability: 
Use of elbow flexors to start (back of the wrist behind pushing rim). 
Hands stay in contact or close to the pushing rim, with the power coming from 
elbow flexion. 
Old ISMGF racing class: 1A 
Racing class: T2 (TK2). 
Level of SCI: C7/C8 
Anatomical capability: 
Have functional elbow flexors and extensors, wrist dorsiflexors and palmar 
flexors. 
Have functional pectoral muscles. 
May have finger flexors and extensors. 
Functional capability: 
Usually use elbow flexors to start, but may use elbow extensors. 
Power when pushing comes from elbow extension, wrist dorsiflexion (usually 
push with the Matson technique), and upper chest muscles. 
The athlete's hands usually come off the rims whilst pushing. 
The head may be forced backwards (by the use of neck muscles), producing 
slight upper trunk movements. 
Old ISMGF racing classes: 1 B/1 C. 
325 
Racing class: T3 (TK3). 
Level of SCI: T1-T7. 
Anatomical capability: 
Have normal or nearly normal upper limb function. 
Have no abdominal muscle function. 
May have weak upper spinal extension. 
Functional capability: 
Have normal or nearly normal upper limb function. 
Have no active trunk muscles. 
When pushing, the trunk is usually lying on the legs. 
Usually use a hand flick technique for power (or Friction technique). 
Use the shoulder to steer round curves. 
Interrupt pushing movements to steer, and have difficulty resuming pushing 
position. 
The trunk may rise with the pushing action. 
When braking quickly the trunk stays in the pushing position. 
Note: Scoliosis (curvature of the spine) usually interferes wiith abdominal and 
back muscle function. 
Old ISMGF racing classes: incomplete 1C/ 2/ upper 3. 
Racing class: T4 (TK4). 
Level of SCI: T8-S2. 
Anatomical capability: 
Have back extension which usually includes both upper and lower extensors. 
Usually have trunk rotation, i. e abdominal muscles. 
Functional capability: 
Have backwards movement of the trunk. 
Usually have rotation movements of the trunk. 
Use trunk movements to steer around curves. 
May not have to interrupt the pushing stroke rate around curves. 
The trunk may rise before or after the pushing stroke. 
When stopping quickly the trunk moves towards an upright position. 
Old ISMGF racing classes: Lower 3/ 4/ 5/ 6. 
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C. 4 Repeated measurements of V02 (1/min) during submaximal wheelchair 
treadmill exercise. Individual values (n=6). 
Subject Speed (m/s) 
Test 
V02 (1/min) 
Retest 
Diff. (1/min) % 
A (1) 2.00 0.57 0.58 0.01 1.7 
A (1) 2.50 0.68 0.67 0.01 1.5 
B (35) 2.75 1.05 0.97 0.08 7.6 
A (1) 3.00 0.82 0.88 0.06 6.9 
C (29) 3.00 0.68 0.70 0.02 2.9 
B (35) 3.25 1.13 1.05 0.08 7.1 
A (1) 3.50 1.06 1.10 0.04 3.6 
C (29) 3.50 0.90 0.84 0.06 6.7 
D (21) 3.50 0.72 0.70 0.02 2.8 
E (16) 3.50 0.93 0.96 0.03 3.1 
B (35) 3.75 1.32 1.33 0.01 0.8 
C (29) 4.00 1.08 1.12 0.04 3.6 
D (21) 4.00 0.85 0.84 0.01 1.2 
E (16) 4.00 1.09 1.06 0.03 2.8 
F (36) 4.00 1.04 1.11 0.07 6.3 
B (35) 4.25 1.44 1.53 0.09 5.9 
C (29) 4.50 1.33 1.36 0.03 2.2 
D (21) 4.50 1.05 1.02 0.03 2.9 
E (16) 4.50 1.30 1.23 0.07 5.4 
F (36) 4.50 1.26 1.22 0.04 3.2 
D (21) 5.00 1.26 1.32 0.06 4.4 
E (16) 5.00 1.60 1.59 0.01 0.6 
F (36) 5.00 1.35 1.39 0.04 2.9 
F (36) 5.50 1.75 1.80 0.05 2.8 
mean 1.09 1.10 0.04 3.7 
±SD ±0.30 ±0.31 ±0.03 ±2.1 
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D. 1 Persona. l and training characteristics of each subject. 
SUBJECT LESION RACING AET YEAR AGE ONSET YRS SINCE GENDER TRAINING TRAINING 
LEVEL CLASS OF OF 1991 OF SCI TIMES DURATION 
SCI BIRTH (YR) SCI (1991) PER WK (MIN) 
1 C6/C7 TK2 T 1965 26 1981 10 M 7 45 
2 C6/C7 TK2 T 1953 38 1989 2 M 6 60 
3 C7 TK2 T 1950 41 1977 14 M 6 60 
4 C7 TK2 T 1950 41 1968 23 M 3 90 
5 C7 TK2 T 1967 24 1986 5 M 3 90 
6 C7 TK2 T 1958 33 1979 11 M 3 45 
7 C7 TK2 T 1952 39 1984 7 M 3 120 
8 C7 TK2 T 1961 30 1985 6 M 3 30 
9 C8 TK2 T 1966 25 1987 4 M 2 60 
10 T2 TK3 T 1954 37 1955 36 M 2 40 
11 T2/T3 TK3 T 1958 33 1988 3 M 6 60 
12 T3/T4 TK3 T 1964 27 1980 11 M 6 60 
13 T4 TK3 T 1971 20 1989 2 M 5 60 
14 T4 TK3 T 1960 31 1961 30 M 3 60 
15 T4 TK3 T 1965 26 1984 7 M 6 90 
16 T4 TK3 T 1958 33 1979 11 M 5 60 
17 T5 TK3 T 1969 22 1984 7 M 6 60 
18 T6 TK3 T 1950 41 1978 13 M 6 60 
19 T6 TK3 T 1958 33 1974 17 M 3 30 
20 T6 TK3 T 1963 28 1980 11 M 6 120 
21 T7 TK3 T 1970 21 1970 21 F 5 45 
22 T7 TK3 T 1954 37 1970 21 M 9 60 
23 T7 TK3 T 1968 23 1985 6 M 3 60 
24 T7 TK3 T 1963 28 1985 6 M 3 60 
25 T7 TK3 T 1962 29 1980 11 M 6 90 
26 T7 TK3 T 1955 36 1981 10 M 3 60 
27 T9/T10 TK4 T 1952 39 1989 2 M 11 60 
28 T11/T12 TK4 T 1935 56 1963 28 M 2 60 
29 T11/T12 TK4 T 1957 34 1975 16 M 5 75 
30 T12 TK4 T 1950 41 1971 20 M 3 60 
31 T12 TK4 C 1971 20 1971 20 M 3 90 
32 T12 TK4 T 1964 27 1984 7 M 7 60 
33 L2 TK4 C 1971 20 1971 20 M 3 60 
34 L2 TK4 C 1969 22 1969 22 M 6 90 
35 L2 TK4 C 1963 28 1963 28 M 7 30 
36 L2 TK4 C 1969 22 1969 22 M 3 60 
37 L3/L4/L5 TK4 T 1961 30 1985 6 M 9 45 
38 L4 TK4 T 1955 36 1979 11 F 12 60 
39 L5 TK4 C 1971 20 1971 20 M 5 60 
40 L5 TK4 C 1971 20 1971 20 M 6 90 
': Paralympic racing classification system; SCI: Spinal cord injury; AET: Aetiology. 
T: Traumatic; C: Conjenital; M: Male; F: Female. 
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D. 1 (continued) 
ROAD RACING OTHER REGULAR SPORTING ACTIVITIES STUDIES SUBJECT 
COMPETITIVE UNDERTAKEN INITIALS 
LEVEL 
NAT SWIMMING / WEIGHTS / WHEELCHAIR RUGBY 134 RT 
REC TRACK / WEIGHTS 4 BB 
NT TRACK / WEIGHTS / WHEELCHAIR RUGBY 1 234 PC 
INT TRACK / WEIGHTS / WHEELCHAIR RUGBY 13 TM 
NAT WEIGHTS / WHEELCHAIR RUGBY 4 DR 
REC SWIMMING / WEIGHTS 4 CD 
REC SAILING/ WHEELCHAIR RUGBY 4 AS 
REC WEIGHTS / SWIMMING 2 BR 
REC WEIGHTS / WHEELCHAIR RUGBY 4 JH 
REC TRACK 1 23 RC 
NAT TRACK / WEIGHTS 134 MF 
REC TRACK / FIELD / WEIGHTS 34 PM 
REC SWIMMIMNG / WEIGHTS 1 MK 
REC TABLE TENNIS / SNOOKER 4 AF 
INT 2 AH 
NAT WEIGHTS 1234 DG 
INT TRACK / WEIGHTS 134 PG 
NAT TRACK 134 BC 
REC SNOOKER 1 AS 
INT WEIGHTS / SWIMMING 1234 CH 
INT TRACK / SWIMMING / WEIGHTS 134 TG 
NT BASKETBALL / TRACK 1 34 BN 
REC BASKETBALL/SNOOKER 4 SH 
NAT TRACK / TABLE TENNIS 1 MA 
NAT WEIGHTS 1 KD 
REC WEIGHTS 123 JM 
REC TRACK / WEIGHTS / SWIMMING 4 CBR 
REC SWIMMING / SNOOKER / CLAY PIGEON SHOOTING 4 RF 
NAT SNOOKER / FISHING 1 234 CB 
REC TRACK 13 SM 
REC TRACK / SWIMMIMNG / TENNIS 1234 MC 
NT TRACK / WEIGHTS / BASKETBALL 134 IT 
NAT TRACK / HOCKEY 1234 GS 
INT TRACK / SWIMMING / WEIGHTS 14 PB 
REC TRACK / SWIMMING 1234 CW 
NAT SWIMMING 1234 MW 
REC BASKETBALL/SCUBA 4 PGU 
INT TRACK / WEIGHTS 134 RH 
REC TRACK / SWIMMING / WEIGHTS 4 JJ 
INT TRACK / SWIMMING / WEIGHTS 14 DC 
INT: International; NAT: National; REC: Recreational. 
346 
E. 1 Lactic acid assay. 
The method used was based upon that described by Maughan (1982). It is 
dependent on the release of NADH by the following reaction, which is measured 
by its native fluorescence: 
Lactate + NAD+ LDH > Pyruvate + NADH 
Deproteinisation: 
20 µl of blood was deproteinised by adding it to 200 Id of perchloric acid. It was 
then mixed thoroughly using a whirlimixer (Fisons Scientific Apparatus, Model 
WM/250/F), centrifuged and stored at -20°C until the assay could be performed. 
Solutions: 
Perchioric acid: 2.5% w/v 
Hydrazine buffer (1.1 M, pH 9.0): 1.3 g hydrazine sulphate, 5.0 g hydrazine 
hydrate and 0.2 g disodium ethylenediaminetetraacetic acid (EDTA) in 100 ml 
distilled water. 
Reaction mixture: Prepared immediately prior to use: 2 mg NAD+ and 10 µl LDH 
per ml of hydrazine buffer. 
Standards: 
These were made from 1.0 M Sodium L-lactate stock solution. 
Procedure: 
1. Samples and standards were removed from the freezer and allowed to thaw 
at room temperature. 
2. Samples were then mixed thoroughly and centrifuged. 
3.20 µl of either the supernatant or standard was then transferred to a clean test 
tube. 200 . il of reaction mixture was then added. 
4. Tubes were mixed and allowed to incubate for 30 minutes. 
5.1 ml of diluent (0.07 M HCI) was then added to the tubes in order to stop the 
reaction, and the contents of the tubes once again mixed. 
6. The samples were then read against the standards and the blank with a 
Locarte (Model 8-9) flourimeter. 
7. The lactate concentration (mmol. l-1) in each sample was calculated from the 
standard curve. 
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E. 2 Glucose assay. 
A colourimetric method was used (Werner et al., 1970), based on the following 
principles: 
Glucose + 02 + H2O GOD > Gluconate + H2O 
H2O + ABTS POD > Coloured complex + H2O 
Deproteinisation: 
Blood was deproteinised as described for the lactate assay. 
Solutions: * 
Phosphate buffer: 100 mmol. 1-1, pH 7.0 
POD: > 0.8 U. mi-1 
GOD: > 10.0 U. ml'1 
ABTS: 1.0 mg. ml-1 
Standard: * 
A 0.505 mmol. 1-1 standard was used. 
*A Boehringer Mannheim diagnostic kit was used for the solutions and 
standards of this assay. 
Procedure: 
1. The samples, standards and reaction mixture were removed from the freezer 
and refridgerator respectively, and allowed to thaw at room temperature. 
2. The samples were then mixed thoroughly and centrifuged. 
3.20 µl of standard and supernatant was placed in a test tube with 1 ml of 
reaction mixture and mixed well. 
4. The tubes were then left to incubate for 20 minutes at room temperature. (use 
reaction mixture for blank). 
5. An Eppendorf photometer (Model 1101 M), was then used to measure the 
absorbance of the standard and samples at Hg 436 nm, in a curvette with a1 cm 
light path. 
6. The glucose concentration (mmol. 1-1) in each sample was calculated using 
the following equation: 
c= 5.55 xA sample 
A standard 
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E. 3 Haemoglobin assay. 
A cyanmethaemoglobin method was used (Van Kampen and Zijlstra, 1961). This 
is a colourimetric method based on the following principle: 
Haemoglobin + cyanide + ferricyanide > cyanmethaemoglobin 
Solutions: 
Drabkins reageant: * 
1.63 mmol. 1-1 phosphate buffer. 
0.75 mmol. I-1 potassium cyanide. 
0.60 mmol. 1-1 potassium ferricyanide. 
5% detergent. 
Made up to 1000 ml with redistilled water. 
*A Boehringer Mannheim diagnostic kit was used to produce the reaction 
mixture for this assay. 
Procedure: 
1.20 µd of blood was added to 5000 . il of Drabkins reageant and mixed well to 
avoid clumping of the erythrocytes. 
2. The solution was allowed to incubate at room temperature for at least 3 
minutes but not longer than 24 hours. 
3. The absorbance (A) of the samples was measured with an Eppendorf 
photometer (Model 1101 M) at Hg 546 nm in a curvette with a1 cm light path. 
Drabkins reageant was used as a blank to zero the photometer. 
4. The haemoglobin concentration (g. 100 ml-1) of each sample was calculated 
using the following equation: 
c= 36.77xA 
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E. 4 Free fatty acid (FFA) assay. 
FFA was analysed by a modification of a photometric, colourimetric assay 
(Chromy et al., 1977). 
Solutions: 
Extraction solvent (CHM): 
280 ml chloroform 
210 ml n-heptane 
10 ml methanol 
Stable copper reagent: 
1.878 g sodium citrate 
16.775 g triethanolamine 
8.125 g copper nitrate 
62.5 g sodium chloride 
Made up to 250 ml with distilled water. 
TAC: 10 mg 2-thiozolylazo-p-cresol in 100 ml ethanol. 
Standards: 
From a4 mM stock solution of palmitic acid and CHM, 0.2 mM, 0.4 mM, 0.8 mM 
and 1.0 mM standards were made. These were kept refridgerated in glass 
bottles with plastic screw tops. The tops were sealed with parafilm. 
Procedures: 
1.50 µl of standard or plasma (CHM for blank) was added to 3 ml CHM in acid 
washed screw capped glass tubes. 
2.1 ml of stable copper reagent was added. 
3. The tubes were shaken vigorously for 10 minutes, and centrifuged at 5000 
rpm in a Koolspin centrifuge for 10 minutes. 
4.1 ml of the upper phase was transferred into a5 ml glass tube containing 0.25 
ml of TAC which was then well mixed. 
5. An Eppendorf photometer (Model 1101 M) was then used to measure the 
absorbance of the standards and samples at Hg 578 nm, in a curvette with a1 
cm light path. 
6. The concentration of FFA (mmol. l-1) in each sample was calculated from the 
standard curve. 
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E. 5 Glycerol assay. 
A fluorimetric assay was used, modified from that described by Laurel) and 
Tibling (1966). This was based on the following reactions: 
Glycerol + ATP GK > Glycerol-1 -Phosphate + ADP 
Glycerol-1 -Phosphate + NAD+ GDH > Dihyroxyacetone Phosphate +NADH 
The dihydroxyacetone phosphate produced is trapped by hydrazine, and the 
amount of NADH formed is determined by measurement of its native fluorescence. 
Solutions: 
Zinc sulphate: 0.087 M 
Barium hydroxide: 0.083 M 
Hydrazine HCI buffer: 1M reagent grade- 1.5 mM MgCI2 adjusted to pH 9.4 with HCl. 
Diluent: 0.01 M NaOH with 1 mM EDTA 
Glycerokinase: 1 mg. ml-1 (Boehringer Biochemica) 
Reaction Mixture: per 5 ml reaction mixture: 3.5 ml Hydrazine HCI 
buffer, 1.5 ml distilled water, 6 mg ATP, 10 mg NAD, 12.1 mg cysteine, 5 ul 
glycerokinase and 25 ul of glycerin 3 phosphate dehydrogenase. 
Standards: 
From a 0.4 mM stock solution, 20%, 40%, 60%, 80% and 100% standards were 
made using distilled water. 
Procedure: 
1.50 µl plasma or standard (distilled water as blank) was transferred to a small 
centrifuge tube containing 0.25 ml of zinc sulphate. 
2. The resulting solution was then mixed and chilled. 
3.0.25 ml of barium hydroxide was added and mixed immediately. 
4. This solution was chilled at -20°C for 5 minutes and then centrifuged for 5 min. 
5.200 µl of supernatant was transferred into acid-washed fourimetric tubes. 
6.100 ld of reaction mixture was then added. 
7. The tubes were then capped and left to stand for 60 minutes. 
8.1 ml of diluent was added to the tubes in order to stop the reaction, and the 
contents of the tubes mixed. 
9. The samples were read against the standards and the blank with a 
Locarte (Model 8-9) fluorimeter. 
10. The glycerol concentration (mmol. 1-1) in each sample was calculated from the 
standard curve. 
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E. 6 Ammonia assay. 
A colourimetric method was used (Da Fonseca-Wollheim, 1973) based on the 
following principle: 
a-oxoglutarate + NH4+ + NADHP OLDH > L-glutamate + NADP+ + H2O 
Plasma samples were stored at -70°C and the assay performed as soon as possible. 
Solutions: * 
1. NADPH 
2. Buffer/substrate: triethanolamine buffer, a-oxoglutarate, ADP. 
3. GLDH 
*A Boehringer Mannheim diagnostic kit was used for the solutions of this assay. 
Procedure: 
1. The reagent solution was prepared by dissolving the contents of one bottle 1, in 2 
ml of solution 2. 
2. Samples were removed from the freezer and allowed to thaw at room temperature. 
3. Samples were then mixed and centrifuged. 
4.200 µl of plasma was pipetted into plastic centrifuge tubes. 400 µl of reagent 
solution was then added. 
5.600 µl of reagent solution was used for the reaction blank (RB) 
6. The samples were mixed and allowed to incubate for 10 minutes. 
7. The absorbance (A) of the samples was measured with an Eppendorf photometer 
(Model 1101 M) at Hg 365 nm in a curvette with a1 cm light path against air. This is a 
disappearance assay so the zero (i. e RB) was set at 3.0. 
8. The first reading of the blank and samples were recorded as Al. 
9.4.0 µl of GLDH was then added using a positive placement pipette. The tubes were 
recapped and mixed well. 
10. The second reading was taken after 10 minutes incubation (A2). 
11.4.0 µl of GLDH was then added using a positive placement pipette. The tubes 
were recapped and mixed well. 
12. The third reading was taken after 10 minutes incubation (A3). 
13. The ammonia concentration (umol. 1-1) in each sample was calculated using the 
following equation: 
(Al - A2) - (A2- A3)= RB or sample 
c=863x(Asample-A RB) 
352 
E. 7 Urea assay. 
A colourimetric method was used (Fawcett & Scott, 1960) which is a modification of 
Bertholt's reaction, based on the following principle: 
Urea +2 H2O UREASE > Ammonium Carbonate 
Solutions: * 
Solution 1: 
Phosphate buffer (120 mmol. 1-1; pH 7.0) 
Urease (>5000 U. I-1) 
Sodium salicylate (62.5 mmol. 1-1) 
Sodium nitroprussiate (5 mmol. 1-1) 
EDTA (1.48 mmol. 1-1) 
Solution 2: 
Sodium hypochlorite (6 mmol. 1-1) 
Sodium hydroxide (150 mmol. I-1) 
Standards: * 4 standards were used: 1.7 mmol. 1 1,3.4 mmol. 1-1,5.1 mmol. 1-1, and 
6.8 mmol. I-1 
*A Boehringer Mannheim diagnostic kit was used for the solutions and standards of 
this assay. 
Procedure: 
1. Samples were removed from the freezer and allowed to thaw at room temperature. 
2. Samples were then mixed and centrifuged. 
3.10 µl of sample or standard was transferred into a test tube. 
4.1.25 ml of solution 1 was added. 
5. Tubes were mixed well and allowed to incubate for at least 5 minutes at room 
temperature. 
6.1.25 ml of solution 2 was then added. 
7. Tubes were mixed well and allowed to incubate for 10 min at room temperature. 
8. The absorbance of the samples and standards were measured with an Eppendorf 
photometer (Model 1101 M) at Hg 578 nm in a curvette with a1 cm light path against 
reagent blank. 
9. The urea concentration (mmol. 1-1) in each sample was calculated from the 
standard curve. 
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E. 8 Total cholesterol assay. 
A colourimetric method was used (Siedel et al., 1983) based on the following 
principles: 
Cholesterol ester + H2O 
CHOLESTEROL. ESTERASE > Cholesterol + RCOOH 
Cholesterol + 02 
CHOLESTEROL OXIDASE 
> 04-cholestenone + H2O 
2 H202 + 4-aminophenazone + Phenol P01> 
4-(p-benzoquinone-mono-imino)-phenazone +4 H2O 
Solutions: * 
Tris buffer: 100 mmol. l-1, pH 7.7 
Magnesium aspartate: 50 mmol. l-1 
4-aminophenazone: 1 mmol. l-1 
Sodium cholate: 10 mmol. l-1 
Phenol: 6 mmol. l-1 
3,4-dichlorophenol: 4 mmol. 1-1 
Hydroxypolyethoxy-n-alkanes: 0.3% 
Cholesterol esterase > 0.4 U. ml-1 
Cholesterol oxidase > 0.25 U. ml-1 
Peroxidase > 0.25 U. ml-1 
The contents of a bottle containing the above reagents was made up to 32 ml 
with distilled water to give the reaction mixture. 
Standards: * 
5 standards were used: 1.29 mmol. 1-1,2.59 mmol. 1 1,3.88 mmoi. 1-1, 
5.17 mmol. 1-1 and 7.76 mmol. 1 1. 
* Boehringer Mannheim diagnostic kits were used for the reaction mixture and 
the standards. 
Procedure: 
1. Samples were removed from the freezer and allowed to thaw at room 
temperature. 
2. Samples were then mixed and centrifuged. 
3.10 µl of sample or standard were transferred into a test tube. 
4.1 ml of reaction mixture was then added. 
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5. Tubes were mixed well and allowed to incubate for 30 minutes at room 
temperature. 
6. The absorbance of the samples and standards were measured with an 
Eppendorf photometer (Model 1101 M) at Hg 546 nm in a curvette with a1 cm 
light path against a reaction mixture blank. 
7. The total cholesterol concentration (mmol. l-1) in each sample was calculated 
from the standard curve. 
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